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Abstract 
Battery Energy Storage Systems (BESSs) are regarded as a key technology for enabling the 
transition towards a decarbonised electric sector. The growing attention of several stakeholders 
of the electric value chain towards BESSs reflects their capability of providing the flexibility 
required by the present and future challenges in renewable-driven power systems. The massive 
integration of renewable sources of intermittent characteristics such as wind and solar is the 
main driver for battery storage. The fact that a significant portion of these sources is connected 
to an ageing distribution network, along with the fact that islanded power systems present a 
high potential for renewable integration, leads to the question of how to adequately integrate 
battery systems in this new context. 
However, the potential of BESSs of enhancing the reliability, efficiency and flexibility of 
distribution networks while leveraging the value of renewable energy is hindered by several 
challenges to their integration. Namely, there is still not a well-established understanding of 
the value of BESSs when considering their capability to provide multiple services to several 
stakeholders in different market contexts and distribution networks conditions. Therefore, 
further research is needed on how to plan and operate battery systems considering their 
multifunctional capabilities in various integration contexts, in particular in distribution network 
of interconnected and liberalised power systems and of islanded power systems. Moreover, 
there is the need to address the problem of integrating BESSs based on a detailed quantification 
of their life-cycle technical and economic impacts. 
In order to fulfil the research objectives, the conducted research consisted of the 
formulation, specification and development of a planning framework for BESSs in distribution 
networks that is capable of systematically selecting the optimal battery technology, its sizing 
and its siting considering its integration context. This single-objective distributed planning tool 
dissociates the planning stage from the operational stage in order to enable the consideration 
of multiple operational objectives and constraints, adequate for different contexts such as 
distribution networks in interconnected and in islanded power systems. Moreover, this approach 
enables a more detailed model both these segments of the problem of integrating BESSs and, 
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therefore, enables the systematic assessment of their technical and economic impacts. In the 
context of interconnected power systems, the methodology for the integration of BESSs in the 
operation of distribution networks consists of a functional architecture and an underlying 
operation tool, which enables the symbiosis of the perspectives of different stakeholders for a 
coordinated market-driven operation of multifunctional BESSs. In the context of islanded power 
systems, the operation tool consists of the utilisation of an optimisation method at different 
stages of the BESS operation problem in rolling time-windows, with the purpose of efficiently 
addressing the uncertainty of renewable generation and offsetting thermal generation. 
Results from two relevant case studies show that adequately integrated BESSs can cost-
effectively provide services to multiple stakeholders of the distribution network such as the 
Distribution System Operator (DSO), renewable promoter and prosumers, participating in 
different electricity markets, while contributing to the accommodation of renewable sources. 
Moreover, it is shown that the maximisation of the social welfare of battery storage in what 
concerns supporting a more efficient and flexible distribution network with high shares of 
renewable sources can be achieved by an adequate coordination scheme that leverages both 
their local and their systemic benefits. However, tackling the currently high investment costs 
of battery systems requires an appropriate sizing and battery technology selection, which 
depends of multiple factors. It is demonstrated that considering in the quantification of the 
technical and economic impacts of BESSs the uncertainty of renewable generation, as well as 
the evolution over time of the distribution network and the performance of the battery system 
itself, is fundamental. Furthermore, the planning of battery storage in distribution networks 
needs to be based on a detailed model of the operational stage, with high time resolutions, in 
virtue of the particular features of these technologies and the type of services they are capable 
of providing. Therefore, the validation in the case studies reveals that the planning framework 
and operation tools are a novel and valuable approach to the analysis of the integration of 
battery storage.  
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Resumo 
Sistemas de Armazenamento de Energia em Baterias (SAEBs) são vistos como uma tecnologia 
chave para a transição para um setor elétrico descarbonizado. A atenção crescente que vários 
atores da cadeia de valor elétrica para com estes sistemas reflete a sua capacidade de fornecer 
a flexibilidade necessária para endereçar os desafios presentes e futuros dos sistemas elétricos 
com uma forte componente renovável. A integração massiva de fontes renováveis com 
características intermitentes, tais como eólica e solar, é o maior factor de alavancagem da 
integração de sistemas de baterias. O facto de uma porção significativa destas fontes estarem 
ligadas a uma rede de distribuição envelhecida, com o facto de os sistemas ilhados 
apresentarem um grande potencial para a integração de renováveis, leva à questão de como 
integrar adequadamente sistemas de baterias neste novo contexto. 
No entanto, o potencial dos SAEBs em melhorar a fiabilidade, eficiência e flexibilidade das 
redes de distribuição ao mesmo tempo que alavancam o valor da energia renovável é posto em 
causa por vários desafios à sua integração. Nomeadamente, ainda não existe uma compreensão 
adequada do valor dos sistemas de baterias quando se considera a sua capacidade de fornecer 
múltiplos serviços a vários atores, em diferentes contextos de mercado e condições da rede de 
distribuição. Logo, é necessária uma maior investigação sobre como planear e operar sistemas 
de baterias considerando as suas capacidades multifuncionais em vários contextos de 
integração, em particular em redes de distribuição de sistemas elétricos interligados e 
liberalizados e em sistemas elétricos ilhados. Além disso, existe a necessidade de endereçar o 
problema da integração de SAEBs baseado numa quantificação detalhada dos seus impactos 
técnicos e económicos durante a sua vida útil. 
De forma a atingir os objetivos da investigação, a investigação realizada consiste na 
formulação, especificação e desenvolvimento de uma ferramenta de planeamento para 
sistemas de baterias em redes de distribuição que é capaz de sistematicamente selecionar 
otimamente a tecnologia da bateria, a sua dimensão e o seu local de instalação considerando 
o seu contexto de integração. Esta ferramenta de planeamento é distribuída e de objetivo único 
e desassocia o nível de planeamento do nível de operação de forma a permitir a consideração 
de múltiplos objetivos e restrições operacionais, adequados para diferentes contextos tais como 
as redes de distribuição em sistemas interligados e em sistemas ilhados. Além disso, esta 
abordagem permite um modelo mais detalhados de ambos os segmentos do problema da 
integração de sistemas de baterias e, logo, permite a avaliação sistemática dos seus impactos 
técnicos e económicos. No contexto dos sistemas elétricos interligados, a metodologia para a 
integração de SAEBs na operação de redes de distribuição consiste numa arquitetura funcional 
e a sua subjacente ferramenta de operação, a qual permite a simbiose de perspetivas de 
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diferentes atores para uma operação coordenada e virada para o mercado de sistemas de 
baterias multifuncionais. No contexto de sistemas elétricos ilhados, a ferramenta de operação 
consiste na utilização de um método de otimização em diferentes níveis do problema de 
operação dos SAEBs em janelas de tempo deslizantes, com o propósito de eficazmente 
endereçar a incerteza da geração renovável e reduzir a geração térmica. 
Os resultados de dois casos de estudos relevantes indicam que uma integração adequada de 
SAEBs podem de forma economicamente eficiente fornecer serviços a vários atores da rede de 
distribuição tais como o Operador da Rede de Distribuição (ORD), promotores de renováveis e 
prosumers, participando em diferentes mercados de eletricidade, enquanto contribuem para a 
acomodação de fontes renováveis. Mais, mostra-se que a maximização dos benefícios globais 
dos sistemas de baterias no que se refere ao suporte a uma mais eficiente e flexível rede de 
distribuição com elevados níveis de penetração de fontes renováveis é possível com um 
adequado sistema de coordenação que alavanque os seus benefícios quer locais quer sistémicos. 
No entanto, contrariar os atualmente elevados custos de investimento dos sistemas de baterias 
requer um dimensionamento e uma seleção da tecnologia da bateria apropriados, o que 
depende de múltiplos fatores. É demonstrado que é fundamental considerar-se na quantificação 
dos impactos técnicos e económicos dos SAEBs a incerteza da geração renovável, assim como a 
evolução ao longo do tempo da rede de distribuição e dos próprios sistemas de baterias. Isto 
resulta do facto de o planeamento de sistemas de baterias nas redes de distribuição necessitar 
de ser baseado num modelo detalhado da sua operação, com elevada resolução temporal, em 
virtude das características particulares destas tecnologias e do tipo de serviços que são capazes 
de fornecer. Isto significa que a validação das ferramentas de planeamento e operação 
desenvolvidas revela que estas são novas e valiosas abordagens à análise da integração de 
sistemas de baterias. 
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Chapter 1  
Introduction 
1.1. Overview 
This work focuses on the integration of Battery Energy Storage Systems (BESSs) in the 
planning and the operation of distribution networks. Present and future challenges of 
distribution networks of both island electric grids and interconnected power systems are 
addressed, regarding a technically and economic efficient integration of battery storage 
resources and the presence of high shares of Renewable Energy Sources (RES).  
This chapter introduces the new problems and paradigms that motivated this research. It 
frames the scope of the thesis, outlining its objectives and identifying its research questions. 
The main contributions to knowledge of this thesis are enumerated, being the publications that 
resulted from this work listed. Moreover, this chapter describes in detail the chapter structure 
of this thesis. 
1.2. Motivation 
1.2.1. The electric sector need for energy storage 
Energy Storage Systems (ESSs) have been integrated in planning and operation of power 
systems for over a century mainly in the form of large-scale Pumped Hydro Storage (PHS). The 
top-down control and planning that preceded the deregulation of the electric sector presented 
more challenges in terms of real-time balancing of generation and demand [1] than in terms of 
planning of the power system. Consequently, oil-fired generators along with PHS were viable 
technological solutions to provide the appropriate flexibility to the system in order to ensure 
the adequate quality and continuity of service. These technologies were fundamental to 
complement the less-flexible generation provided by the predominant coal and nuclear power 
plants. 
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The two oil crisis in the 1970 decade, which led to a severe increase in oil and gas prices 
along with concerns with security of supply, triggered investments in coal-fired and nuclear 
power plants that aggravated the already limited flexibility of power systems [2]. This scenario 
created the opportunity, as viable business cases, for new technologies that were able to 
provide flexibility such as PHS and Combined Cycle Gas Turbines (CCGT). At that time, PHS 
presented lower variable costs, which led to its further development and deployment. This 
situation, due to technology developments and to the change in economics of gas prices, was 
inverted in the 1990 decade, turning CCGT as the main generation system resource for 
flexibility. As a result, a development and deployment hiatus in storage technologies occurred 
during approximately 25 years with only a limited storage capacity installed in this period. 
In recent years, energy storage regained the interest from various stakeholders along the 
electric sector value chain, from electric utilities to policy makers [1, 3]. There are several 
technical and economic drivers for the growth in attention towards energy storage. These are 
related with the significant challenges that the electric sector is facing, such as the 
deregulation of the sector, the increase in peak demand in some parts of the world, and the 
high penetration of RES, along with changes in energy storage technologies economics [1, 4]. 
The integration of RES in power systems is, in fact, the main driver for the introduction of 
energy storage and particularly distributed storage (which includes battery storage), as this 
technological solution is regarded as rather complementary of the further integration of 
variable RES, such as Wind and Photovoltaic (PV) sources [5]. 
In the last two decades, a massive integration of RES in electric systems has been prompted 
by the global increasing climate awareness and derived economic incentives [6]. The main 
reasons for RES are recognized to be the reduction of Green House Gases (GHG) emissions 
(mainly CO2), energy efficiency, deregulation and competition policies, diversification of 
energy sources and national power requirements. Moreover, current penetration levels of RES 
are expected to substantially increase as the electric sector is being driven towards 
decarbonisation in many parts of the world [7]. For instance, the European Union (EU) has 
committed to further integrate RES and in its reference scenario, updated in 2013, it is stated 
that RES are expected to reach 50% of the European power generation in 2050. Particularly, 
variable RES such as wind and solar Photovoltaic (PV) are expected to account for 19% of total 
net electricity generation in 2020 (15% of wind, 4% of PV generation), with their share rising to 
28% in 2030 (22% of wind, 6% of PV generation) and 35% in 2050 (26% of wind, 9% of PV 
generation), up from 6% in 2005 (5% of wind, 1% of PV generation) [8]. More recently, in the 
Conference of Parties (CoP21)1, Paris, 2015, the deployment of renewable energy has been 
considered essential for promoting the universal access to sustainable energy and for achieving 
                                                 
1 http://www.cop21paris.org/ 
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the proposed long-term goal of keeping the increase in global average temperature to well 
below 2ºC above pre-industrial levels, thus reducing the impacts of climate change. 
1.2.1.1. Rationale for energy storage systems in distribution networks 
A significant portion of the renewable energy sources integrated in the electric grid is 
connected to the distribution infrastructure, being included in the broader concept of 
Distributed Generation (DG) that includes also cogeneration or Combined Heat and Power (CHP) 
technologies and biomass. There are technical and economic reasons for the connection of 
renewable sources at the distribution level. These include the lower energy density of RES that 
propels its widespread and the smaller size of such systems. Furthermore, this allows the 
connection of DG closer to the load, which may reduce Joule losses and avoid investments in 
network upgrades. The smaller and modular size allows shorter construction times and lower 
capital costs when these sources are connected to lower voltage levels [9]. In fact, the fraction 
of prosumers, i.e., consumers that are also producers of energy is growing. Although having 
plenty of well-known benefits that have driven its substantial development and deployment in 
the electrical system, distributed generation and particularly RES pose many and relevant 
challenges for present and future power systems. The current challenges may only represent a 
prelude of the future ones as RES are continuously integrated in the system.  On one hand, 
these challenges are related to the intrinsic nature of some of the DG resources while, on the 
other hand, they are concerned with the infrastructure (e.g. transmission or distribution) to 
which they are connected. 
The variable and intermittent nature of RES such as wind and PV presents new difficulties 
in planning and operation of power systems as they bring variability to the supply side which 
traditionally only occurred on the demand side [10]. As these sources depend of weather 
conditions such as wind speed in the case of wind power, and solar irradiation in the case of 
PV, they present variable and an intermittent power output behaviour. For instance, if an array 
of PV panels is suddenly covered by clouds the production may drop substantially and very 
rapidly. 
In order to tackle these characteristics, several tools to forecast RES behaviour, particularly 
wind, have been developed and introduced both at academic and commercial levels. Despite 
having improved in accuracy in recent years, they still cannot completely predict the power 
output of these sources and the forecast error increases with the time distance to the forecast 
[1, 11]. Furthermore, the non-dispatchable character of variable RES requires flexible 
generation and/or load to balance both supply and demand variations, which could be provided 
through CCGT plants, Demand-Side Management (DSM) and energy storage systems. 
Distributed generation challenges the traditional planning and operation paradigm of 
distribution networks [12]. Power in electric systems was planned to flow from central 
generators to costumers through the transmission and distribution grids at any moment. 
However, the introduction of power sources at the distribution level influences the power flows 
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and hence voltage profiles. Due to their variable and limited-controllable characteristics, RES 
do not follow local demand, which may lead to a situation where local generation surpasses 
local demand. In such periods, power flows become reversed and local voltages become higher 
due to the typical physical distribution grids’ characteristics where the ratio between 
resistance and reactance of network lines and cables is higher than in the transmission system 
[9, 13]. Furthermore, network congestion may also occur not only at the distribution but also 
at the transmission level depending on local production and load levels. This kind of problems 
demand an adequate local network management as systemic approaches fail at addressing local 
constraints. 
Distribution networks already possess features that provide some flexibility and allow a 
more adequate integration of DG. On-Load Tap Changer (OLTC) transformers at the primary 
substation, capacitor banks, voltage regulators and more recently Flexible Alternating Current 
Transmission Systems (FACTS) are some of the technologies that may facilitate the 
accommodation of variable power sources. However, these assets may be subjected to 
additional stress and wear due to the intermittent nature of renewable resources, as well as 
the reversed power flows and higher local voltage levels that may occur. Storage systems do 
not replace any current element of the electrical grid but, instead they may allow other assets 
to perform more efficiently, on a more cost-effective way and possibly extending their useful 
life [14]. For example, in an extreme case, the control of an OLTC transformer may be 
compromised if in one feeder there is a large amount of DG and in another one a heavy load. 
This means that an overvoltage problem may occur in the feeder with DG and an under-voltage 
may occur in the feeder with high electric load. Therefore, with increasing levels of DG, 
alternative means of flexibility may be considered and properly coordinated with the existing 
ones. This represents an opportunity for energy storage systems in distribution networks. 
Traditionally, the aforementioned problems were handled at the planning stage by the 
Distribution System Operator (DSO). This means that the installed capacity of distributed 
generation was calculated as the maximum capacity that would not cause further network 
constraints to be solved at the operation stage. This strategy followed a “fit and forget” 
approach that limits the integration of DG as, if it continues to be adopted, the maximum 
allowed capacity connection may be reached shortly in many distribution networks [12]. The 
status quo of distribution networks points to a strategy of Active Network Management (ANM) 
where network constraints are handled at the operation level. Such approach, on one hand, 
allows the integration of further DG capacity albeit, on the other hand, requires more flexibility 
from the network and the participation of DG in supporting the operation of the distribution 
network [10].   
Variable distributed generation may provide some flexibility in dealing with distribution 
network constraints, mainly through two capabilities. Curtailment of production in periods that 
local production causes network stress, and management of reactive power are the features 
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that allow performing to some extent the control of variable renewable resources [15]. 
Nonetheless, these capabilities are limited and, particularly the curtailment of production, do 
not contribute to an enhanced efficiency of the grid operation and even offset the potential 
benefits of RES. 
The continuous integration of variable RES is the main driver for the adoption of Distributed 
Energy Storage Systems (DESSs), and particularly Battery Energy Storage Systems (BESSs) [1, 
4]. Renewable sources present technical and economic challenges that need to be addressed 
in order to increase the penetration level of these sources and, at the same time, to keep high 
energy quality supplied to costumers, thus enabling achieving the European and global targets 
for these sources and the subsequent decarbonisation of the electric sector. BESSs can be a 
feasible technological solution that can meet these emerging challenges by compensating the 
operational needs raised by renewable sources. By charging and discharging, energy storage 
can maintain and improve reliability and flexibility of distribution networks while allowing the 
further integration of intermittent power sources, tackling eventual local voltage oscillations 
and avoiding branch overloads [16, 17]. Thus, an accurate interaction between distributed 
generation and BESSs will enhance them the benefits of renewable sources. In current 
distribution networks, there are several opportunities for the introduction of BESSs and more 
may be raised by the further connection of other Distributed Energy Resources (DER), such as 
microgeneration and Electric Vehicles (EVs). These new resources may request more flexibility 
from the distribution network which BESSs has the potential of providing. 
1.2.1.2. The challenge of islanded electric grids 
The need for storage capacity as a mean of flexibility is even more noticeable in islanded 
electric grids. Traditionally, smaller islanded power systems are based on diesel-fired 
generating units with inherently high production costs per energy unit due to the need of fuel 
transportation and the small scale of these thermal generators [18, 19]. Moreover, these 
thermal generators present a significant CO2 footprint. 
Therefore, renewable sources have been highly procured in islanded power systems due to 
their potential to displace the use of diesel-fired generating units, directly reducing the 
operational expenditure (OPEX) of the islanded system [20]. The integration of RES also offsets 
the need of reinforcing the generation capacity of the islanded system, thus contributing to 
the reduction of its capital expenditure (CAPEX) [21]. Nonetheless, the intermittent 
characteristics of renewable sources such as wind and PV pose demanding security and 
reliability challenges as islanded systems often present rotating machines with small inertia. 
These characteristics together with the limited capability of the thermal generators to adjust 
their power output (e.g. minimum operating point, limit ramp capacity) invoke significant 
flexibility requirements [18, 22]. This means that the grid’s operational constraints often 
impose limits to the accommodation of renewable sources, thus reducing their further 
integration and benefits. Furthermore, in islanded power systems the generation system is 
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typically connected to the distribution network meaning that constraints at the grid level are 
directly reflected at the generation system level. Particularly, weak islanded grids are often 
subjected to voltage constraints meaning that the voltage control of the distribution network 
influence the operation of the islanded power system, and thus the unit commitment of its 
generation assets [19, 23]. 
Battery energy storage systems are an effective technological solution that may enable an 
adequate integration of renewable sources, particularly in the case of low flexibility, 
diminished efficiency, and highly fuel dependent islanded systems [24, 25]. BESSs can tackle 
the ramp response, spinning reserve and flexibility challenges posed by RES, leveraging their 
technical, environmental and economic value. Battery storage technologies are the best suited 
to islanded systems with growing integration of variable renewable sources, in the absence of 
hydraulic resources [19]. The creation of new PHS is not always possible, being the 
characteristics of battery storage more adaptable for site constrained applications such as 
island power systems.  
1.2.2. Challenges to the integration of battery energy storage systems 
Battery storage has been gaining attention from different stakeholders across the electric 
sector value chain. However, there are still many barriers to its integration in power systems, 
which may limit the value of such technologies. These barriers are related with technological, 
technical, economic, market and regulatory aspects that need to be tackled in order to enable 
an adequate integration of BESSs [1, 4].  
Additionally, there is uncertainty regarding the evolution of power systems, and particularly 
distribution networks that affect energy storage solutions. It is not clear if the electric power 
sector is heading towards Smart Grids with decentralized control and rising local energy 
autonomy, increased penetration of small-scale distributed generation and widespread use of 
DSM and storage, or if it is heading towards a system with large interconnection capacity, High-
Voltage Direct Current (HVDC) transmission and large-scale renewable energy sources, or a 
hybrid solution [1, 7]. The role and relevance of distributed energy storage systems will depend 
on the followed path [16]. 
A Smart Grid context, which is considered essential if the global community is to achieve 
shared goals for energy security, economic development and decarbonisation of the electric 
sector, is the scenario where energy storage may play a crucial role and present the highest 
value [16, 26]. Nonetheless, whichever is the evolution of the electrical grid, distributed 
storage may always contribute to the further accommodation of RES, to improve the efficiency 
of distribution networks and to help dealing with local operational constraints, while providing 
added value to different stakeholders of the electric value chain, from consumers/prosumers 
to system operators. 
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The currently high investment cost of most battery technologies is recognized to be the 
main barrier to the integration of BESSs [4, 7]. This is aggravated by their relative short life 
when compared to other network assets such as transformers and lines, and by the lack of 
demonstration and by the low level of development maturity of some technologies. Present 
and future changes in storage’s economics, where investment costs are expected to be 
significantly reduced, may lead to the widespread use of these technologies. Also, considering 
the expected technological development, the cycle life (i.e., the charging and discharging 
cycles performed during the useful life of the battery system) of most battery technologies will 
improve. For example, in 2018 the capital cost of Lithium-ion batteries is expected to reach 
one third of its value in 2008, while at the same time their cycle life is expected to improve 
20% compared to its cycle life in 2013 [7]. This significantly changes the business case for BESSs. 
Nonetheless, the uncertainty regarding the technological evolution of BESSs limit their market-
driven integration in power systems. 
Additional challenges to the integration of energy storage reside on the lack of regulatory 
framework and market design to frame such technologies in the electric sector [4, 27]. Energy 
storage, in order to be introduced in power systems, should be fairly compared to alternative 
solutions such as DSM or flexible generation. However, without a regulatory framework and an 
appropriate market design it is difficult to compare such solutions on the same basis. The USA 
and Europe are moving towards framing energy storage. However, the fact that energy storage 
may provide multiple benefits to several sectors in electricity industry, which could be an 
advantage, is actually posing challenges to policy makers to develop market mechanisms that 
ensure an adequate remuneration for storage owners. Therefore, instead of imposing a barrier 
to energy storage, the market and regulatory framework needs rather to foster the application 
of cost-effective energy storage technologies [17].  
Energy storage is currently present in electricity markets in the form of large-scale PHS. It 
is, in fact, the only technology with widespread commercial application. Nevertheless, it is 
unclear how to establish a business model with distributed storage and, particularly, BESSs. 
This is a consequence of the local nature of some of the services to be provided and their 
smaller scale which poses difficulties in including such systems in currently available markets 
[1, 28]. Moreover, BESSs may perform not only activities subjected to market competition but 
also regulated activities to the DSO. This aggravates the uncertainty relatively to the different 
revenue streams of storage, which are usually fundamental to present storage as a viable 
business case due to the high capital costs per storage capacity. 
The aforementioned barriers for integrating BESSs go along with technical and research 
challenges. Current engineering and system models that include battery storage do not fully 
represent nor adequately quantify the value of battery storage in present and future 
distribution networks [29]. There is a lack of planning tools for distributed storage that may 
consider multiple options in terms of technologies and services for the proper integration of 
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BESSs. Also, operation tools that may regard the capability of battery storage to provide 
multiple services, which are essential to optimise the impact of such systems, are needed [30]. 
The inexistence of a clear regulatory framework and market designs to a fair consideration of 
BESSs do not facilitate the development of such tools and do not make evident the economic, 
technical (integration related) and technological (battery technology related) barriers that 
need to be tackled by the different storage stakeholders. Furthermore, research on BESSs 
planning and operation in distribution networks of non-interconnected and interconnected 
systems faces the optimisation/modelling dilemma. BESSs planning and operation is a complex 
optimisation problem, with nonlinear and non-convex objectives and constraints as well as 
discrete and integer variables. The solution to this optimisation problem may need simplifying 
assumptions and the implementation of an accurate optimisation model in order to achieve 
significant representativeness of the real problem and, thus, with scientific relevance.  
1.3. Thesis scope, objectives and research challenges 
The idea of integrating energy storage systems in distribution networks, whether in islanded 
or interconnected power systems, to tackle some of the emerging challenges of the electric 
sector, particularly the ones related with the presence of renewable sources is not new. 
Nevertheless, multiple questions are still unanswered in the planning and operation of 
distributed storage, and particularly battery storage. In order to address several research gaps 
in this field of expertise, some research questions are addressed in this work. Answering these 
research questions is fundamental to achieve the purpose of this thesis.  
The addressed research questions are the following: 
- How can Battery Energy Storage Systems be operated to provide several services 
within the distribution network in a coordinated and cooperative way? 
- How to adequately integrate Battery Energy Storage Systems in the planning and 
operation of renewable-driven islanded electric grids?  
- How can Battery Energy Storage Systems contribute to the proper accommodation 
of higher shares of renewable sources in distribution networks, both in islanded and 
in interconnected power systems? 
- What are the technical and economic impacts of battery storage in distribution 
networks considering perspectives of different stakeholders (DSO, renewables 
promoters and prosumers) during its useful life? 
The purpose of this work is to investigate planning and operation strategies for Battery 
Energy Storage Systems in distribution networks of islanded and interconnected power systems. 
The objective is to develop systematic tools for modelling and assessing the technical and 
economic impacts of the operation of BESSs, taking into account the technical, market and 
economic particularities of islanded systems as well as distribution networks in interconnected 
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electric grids. A comprehensive planning framework that allows quantifying the costs and 
benefits of BESSs during its useful life in order to identify the BESS solution that provides the 
maximum life-cycle benefits is also a main objective of this research. Therefore, this thesis 
aims at providing adequate analytical tools for the integration of BESSs, based on models and 
methods that are able to adequately and reliably represent and assess BESSs in distribution 
networks during their useful life considering high shares of renewable sources.  
1.4. Contributions to knowledge 
This thesis presents novel methodologies for the planning and operation of Battery Energy 
Storage Systems in islanded and interconnected power systems at the distribution 
infrastructure level. The planning framework and the operational tools for BESSs integration 
allow analysing and quantifying the technical and economic impacts of these new assets of 
distribution networks. The main contributions of this thesis are the following: 
 
- A systematic method for the optimisation of sizing, placement and selection of 
technology of Battery Energy Storage Systems in distribution networks of islanded and 
interconnected power systems. This planning framework optimises the BESS solution 
based on both technical and economic criteria. This enables the technical and 
economic quantification of the performance of BESSs and the distribution network to 
which it is connected to (in an islanded or in an interconnected power system) during 
a planning horizon. The planning tool allows considering the evolution of the 
distribution network, namely load growth and the expansion of the grid capacity (e.g. 
renewable capacity in islanded systems, additional transforming capacity at the 
primary substation in distribution networks of interconnected power systems). 
Moreover, the detailed calculation of the impacts of BESSs considers the intrinsic 
degradation of battery technologies over time according to the frequency and depth 
of their charge/discharge cycles. 
 
- A model of the islanded system operational strategy including thermal generators, 
renewable sources and the BESS, being the operation problem addressed through an 
innovative multi-stage rolling window operational algorithm. The model, based on 
Mixed Integer Linear Programming (MILP), depends of the characteristics of the BESS 
and criteria related with renewable sources (e.g. wind speed criteria) for the 
definition of the most adequate operational requirements (e.g. spinning reserve) in 
order to improve the operational performance of the overall system. The operational 
algorithm optimises the decision variables of the islanded system operational problem 
sequentially closer to the time of delivery to take advantage of the more accurate 
information and understanding of the behaviour of the system closer to real-time. 
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This allows the accurate assessment of the technical, environmental and economic 
impacts of the BESS in the islanded system considering the variability of the existing 
renewable sources and the detailed model of the distribution network of the islanded 
system. 
 
- A functional architecture for the hierarchically coordinated operation of various BESSs 
that is framed within the existing control architecture of distribution networks of 
interconnected power systems. This approach enables the operation of different 
BESSs according to their characteristics and local objectives, the distribution network 
behaviour as well as electricity markets participation results. These three vectors 
enable achieving local, systemic and market benefits. The architecture introduces 
new functional components that differ on their distribution network awareness and 
on their time requirements. Nevertheless, such functional components allow the 
developed architecture to be technology agnostic and to be integrated in the existing 
control structure, thus maximising the potential of different storage resources co-
existing in a distribution network. 
 
- A systematic method for coordinated scheduling and operation of multiple battery 
storage systems considering multi-objectives, leveraging the potential of the storage 
system for both the owners’ business and the regulated activity of the DSO. The 
developed operation tool uses the available storage resources to perform services 
related with the intrinsic activities of the BESS owner, in coordination with the DSO, 
in order to contribute to an efficient and flexible distribution network operation. 
Therefore, this method enables an adequate comparison between a non-coordinated 
and a coordinated integration approach regarding the technical and economic impacts 
of battery storage in a distribution network. In addition, the assessment of the 
opportunity costs for BESS owners to perform regulated services to the DSO is provided 
by the developed operation tool. 
 
- The expansion of the knowledge about the impacts and benefits of BESSs integration 
in distribution networks of islanded and interconnected power systems. This is 
achieved by the detailed presentation and discussion of two specific and relevant 
case studies, one regarding the integration of a BESS in an islanded system and the 
other regarding the integration of different BESSs in a distribution network of an 
interconnected system. Key findings of the planning and operation problem of BESSs 
that resulted from the implementation of the developed methodologies are exposed, 
being the robustness of the solutions achieved to the variation of key parameters 
assessed through a detailed sensitivity analysis. 
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1.5. Thesis structure 
The structure of this thesis reflects the methodological steps followed to achieve its 
objectives as well as the contributions of this work. This thesis is constituted by eight chapters. 
Chapter 2 describes in detail the main characteristics of BESSs, the commercially available 
technologies as well as their applications and potential benefits. Chapter 3 presents the 
foundations of the planning framework for integrating BESSs in distribution networks of both 
islanded and interconnected power systems. Chapter 4 and Chapter 5 are focused in the 
integration of BESSs in distribution networks of islanded systems. Chapter 6 and Chapter 7 
regard the methodological developments and case study of operating BESSs in interconnected 
distribution networks. The contents of the following chapters are summarised below. 
Chapter 2 gives a detailed characterisation of BESSs, from their structure and main 
characteristics in what concerns their integration in power systems to the detailed description 
of the currently more developed battery technologies. The different modelling approaches for 
battery storage are described, being their potential application in distribution network studies 
discussed. Applications and potential benefits of battery storage in islanded and interconnected 
power systems are enumerated and discussed.  
Chapter 3 is constituted by two main parts. The first part studies in detail the planning 
problem of BESSs in islanded and interconnected distribution networks. The planning problem 
is defined and a throughout literature review of the state of the art optimisation methods for 
planning of BESSs is presented. Representative mathematical and heuristic optimisation 
techniques applied in the context of this research are analysed. The objectives often pursued 
in BESSs planning as well as the different perspectives of the integration of these new 
distribution network assets are discussed. The critical literature review enables highlighting 
the possibilities for further research as well as identifying research gaps, clarifying the 
positioning of this work in what concerns the planning problem of BESSs. In the second part of 
this chapter, the developed planning framework for integrating battery storage is presented 
and detailed. The specifications of the planning framework are determined, being the 
methodology for planning BESSs proposed and each of its methodological steps (e.g. search for 
the optimal solution, economic assessment, estimation of the cycle life of the battery) 
described in detail. Moreover, the particularities of the business models for BESSs in 
distribution networks of islanded and interconnected systems are discussed. 
Chapter 4 studies in detail the problem of the integration of battery storage in the operation 
of distribution networks of interconnected power systems. In the first part of this chapter a 
review of the state-of-the-art literature regarding the operation and control strategies for 
BESSs in distribution networks is performed. The different perspectives on battery storage of 
the multiple stakeholders of the distribution network are analysed (e.g. DSO, renewables 
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promoter) as well as their potential operation strategy focus for these assets. Moreover, several 
techniques to quantify the technical and economic impacts of BESS in distribution networks are 
reviewed. The following sections of this chapter detail the developed integration approach for 
battery storage, presenting the functional architecture for the adequate deployment of 
multiple BESSs, explaining how it can enable BESSs participation in electricity markets and 
justifying a coordinated approach to the integration of BESSs in distribution networks. The last 
main section of this chapter develops the methodology for the coordination of multifunctional 
BESSs in distribution networks. The methodology consists of not only the optimisation of the 
BESS schedule considering the performance of its owner intrinsic activities but, moreover, the 
coordination of available storage resources in order to improve the efficiency and flexibility of 
the distribution network. 
Chapter 5 presents the case study for the assessment and validation of the developed 
methodology described in Chapter 6. The case study consists in a real medium-voltage 
distribution network with two storage systems coupled with a wind park and an industrial 
prosumer. A detailed description of the case study is provided in this chapter. The main focus 
of this chapter is the presentation and discussion of the achieved results, particularly in what 
concerns the impact of the developed coordination approach to the integration of BESSs in 
distribution networks. Results make evident the robustness of the methodology and enable the 
assessment of the technical and economic impacts of the integration of battery storage in the 
distribution network, both at the operation stage and at the planning stage. Moreover, 
opportunity costs for battery storage to perform services to the DSO are demonstrated. 
Chapter 6 addresses the challenge of integrating BESSs in the operation of islanded systems. 
It is divided in two main sections. The first section includes a critic literature review of 
optimisation methods for BESSs operation in island electric grids. The different approaches 
followed in the state-of-the-art literature are analysed, allowing the identification of still 
existing research challenges and the key contributions to knowledge of the developed 
methodology for integrating BESSs in the operation of islanded systems. This is presented in 
the second main section of this chapter where the objectives and steps of the methodology are 
detailed, being the differentiating aspects of the method explained. The developed operational 
algorithm for islanded systems including the BESS and renewable sources is a multi-stage rolling 
window algorithm that takes advantage of closer to time of delivery information regarding the 
different elements of the islanded system in order to technically and economically optimise its 
operation. The different stages of the operational algorithm are described in detail in this 
chapter, being the relevance of the rolling window optimisation approach justified.  
Chapter 7 presents the assessment and validation of the developed methodologies for the 
integration of BESSs in the planning and operation of islanded distribution networks in a 
relevant case study of a Portuguese island with a high share of renewable sources. A detailed 
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description of the electric system of the island is provided and the simulation procedure of the 
islanded system operation explained. The rest of this chapter is focused in detailing and 
discussing the achieved results in order to derive meaningful conclusions. Results englobe the 
BESS optimal solution, the islanded system operation including the BESS and renewable 
resources, the impacts of the BESS during the planning horizon and the impacts of renewable 
penetration levels. Moreover, the achieved results are subjected to a sensitivity analysis in 
order to evaluate the robustness of the proposed solution and understand the impact of key 
parameters of the battery system integration (e.g. characteristics of the BESS, load growth, 
penetration level of renewables). Additionally, the relevance of the multi-stage approach to 
the optimisation of the operation of the islanded system is made evident by the results of the 
case study. In summary, results show that the BESS enhances the flexibility of the islanded 
power system thus ensuring a higher accommodation of renewable sources with significant 
technical, environmental and economic benefits. 
Chapter 8 summarizes and presents the key findings and conclusions of this thesis. This 
chapter also discusses the developed methodologies and the case studies included for their 
validation. The last part of the chapter provides suggestions for future work.   
1.6. Publications 
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- Miranda, I., Silva, N., Leite, H., “A holistic approach to the integration of battery 
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Conference papers: 
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Chapter 2  
Battery energy storage systems: 
characterisation and modelling 
2.1. Overview 
An Energy Storage System (ESS) is a system that is able to extract electric energy, i.e., 
technically functioning as an electric load; that is able to inject electric energy into the 
electrical grid, i.e., acting as a generator; and that is able to shift energy through time by 
accumulating it [31]. Energy storage technologies are based on a limited set of physic and 
chemical phenomena that involve the elevation and rotation of mass, compression of gases, 
movement and storing electrons, chemical manipulation of materials and thermal storage [31]. 
The phenomena inherent to the transition processes between energy states and that, 
consequently, allow storing energy, define the main characteristics of each ESS technology and 
determine their potential applications. 
A Distributed Energy Storage System (DESS), according to the definition of distributed 
generation [9], may be defined as an ESS located at the distribution grid level or on the 
customer side of the network. To be considered distributed storage, storage technologies must 
not possess a specific location requirement such as geographical constraints or natural 
endowment due to their physical or chemical processes. Consequently, Pumped Hydro Storage 
(PHS) that is only feasible where volume and speed of water and sufficient difference in height 
are available or may be constructed, and Compressed Air Energy Storage (CAES) that requires 
an underground salt dome cavity (or the construction of facilities with equivalent 
characteristics) do not belong to this class of systems [32, 33]. Other forms of energy storage 
technologies include Superconductive Magnetic Energy Storage (SMES), fuel-cells, flywheels, 
and others [32, 34]. 
Battery Energy Storage Systems (BESSs) can be framed in the concept of distributed storage, 
alongside other technologies such as flywheels [35], supercapacitors [36] and thermal storage 
by bi-directional heat pumps [37]. Batteries are electrochemical devices able to store energy 
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based on a variety of different specific chemical phenomena [33], therefore presenting a larger 
range of applications. Further understanding of the characteristics of battery technologies is 
essential to determine their most suitable applications and to recognize the key technical and 
economic aspects of their integration in distribution networks. 
The current technological landscape of energy storage projects around the world reveals 
that PHS is predominant with 179 GW of installed capacity (96% of total storage installed 
capacity), being under-construction or contracted between 2015 and 2020 additional 132 GW 
of PHS capacity. Nonetheless, there is already 1.5 GW of installed capacity of battery storage 
worldwide, currently being the technology family with the larger number of projects (699, 53% 
of the total number of storage projects). The installed capacity of BESSs is expected to rise 0.8 
GW in 2016, a 53% increase from the current installed capacity. Today, countries such as the 
USA, Italy, Japan, China and Germany are leading the way in the number of projects and 
installed capacity of battery storage2. 
This chapter aims to grasp the main technological principles of BESSs, functional and non-
functional, which are fundamental to properly accommodate and utilise them in distribution 
networks of islanded and interconnected power systems. Therefore, in this chapter, the 
physical structure of BESSs is described and their main characteristics in what concerns their 
integration in power systems are identified and detailed. Representative battery technologies 
are described, being the scope of this thesis not restricted by these technologies but instead 
potentially augmented by others of similar behaviour and characteristics. Additionally, the 
possibility of combining different battery technologies in a single system is studied, being the 
different characteristics of these technological solutions analysed. Then, this chapter critically 
reviews the different modelling approaches of battery storage. Last, the applications and 
potential benefits of BESSs in distribution networks are enumerated and described. 
2.2. Characterisation of battery energy storage systems 
2.2.1. Structure 
A battery energy storage system not only includes the battery storage device itself but also 
its interface with the distribution network to which the system is connected. Coupling the 
battery storage device with an AC electric grid requires, typically, a Power Conversion System 
(PCS), monitoring/control systems, protection devices, a step-up transformer harmonic filters 
as well as other ancillary equipment to control the environment of the system (e.g. ventilation, 
cooling/heating systems) [32, 38]. The basic structure of BESSs is illustrated in Figure 2.1.  
 
 
                                                 
2 http://www.energystorageexchange.org. Grid connected storage sites database maintained by the 
Department of Energy (DOE) of the USA. Database update in 01/06/2015.  
Characterisation of battery energy storage systems 
17 
 
Figure 2.1. Typical structure of a Battery Energy Storage System. 
The battery storage device consists of several electrochemical cells that are connected in 
series and/or in parallel in order to provide the required voltage and capacity, respectively 
[39]. Each individual electrochemical cell performs the conversion between electrical and 
chemical energy, or vice-versa. The battery cells need to be monitored in order to keep the 
device in a safe operating range, as well as to measure or predict relevant information of the 
storage device such as the cells temperature and State of Charge (SoC), i.e., the amount of 
charge in the cells as a fraction of their rated energy capacity. This is performed by the Battery 
Management System (BMS) [39]. 
The Power Conversion System (PCS) is required to convert to AC the DC power input/output 
that the battery storage device presents. It is based on power electronics in order to allow bi-
directional, 4-quadrant power flows. Beyond the AC/DC converter, additional converters may 
be needed (DC/DC converters) to match the output voltage level of the battery device with 
the DC bus, or to control power flows in parallel multi-string or multi-storage configurations 
[40]. Functionally, the PCS is the active element that enables the exchange with the 
distribution grid of active and reactive power. In fact, the power electronics of the system 
(e.g. insulated gate bipolar transistors (IGBTs) controlled with a pulse width modulation 
technique) can ensure a complete control over the active and reactive power of the BESS [3, 
32]. 
A step-up power transformer is required to adequately connect the storage device and PCS 
to the distribution network at the Point of Common Coupling (PCC), as there exist nominal 
voltage differences between the battery installation side and the grid side [32]. Therefore, the 
step-up transformer increases the output voltage of the PCS to adapt it to the voltage level of 
the distribution network. The transformer, together with harmonic filters (part of the ancillary 
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equipment), enable the reduction of the harmonic content of the current and voltage 
waveforms originated at the PCS, as the form of its output signals is not a pure sinusoid. 
Nonetheless, the need of installing equipment such as the step-up transformer may depend of 
the voltage level of the point of connection with the distribution network. For example, if the 
output voltage of the PCS can cope with the distribution network voltage (e.g. Low Voltage 
distribution networks) there is not the need of including the step-up transformer in the 
technological solution of the BESS. 
The Storage Controller Unit (SCU) presents functionalities of monitoring, control and 
communication [39]. This component monitors the battery device, communicating with the 
BMS, and all other equipment including ancillary equipment, the PCS and the transformer [41]. 
In addition, the SCU is able to monitor electrical measurements at the PCC to achieve an 
adequate control of the BESS. The SCU is responsible for sending active and reactive power set-
points to the PCS in order to perform different services. Moreover, by communicating with 
systems of other electric sector stakeholders (e.g. DSO, electricity market operator) it is 
capable of optimising the behaviour of the BESS both in technical and economic terms, as well 
as allowing the BESS to respond to external functional requests. The optimisation of the 
behaviour of the BESS consists of defining the schedule of the battery system i.e. the most 
adequate periods of time, considering the objectives of the integration, to charge and to 
discharge the BESS. 
The design of the different components of a BESS may vary according to technological, 
security and sizing requirements. The battery storage device may be divided into battery racks 
that include a certain amount and design (i.e., series) of battery cells and battery modules, 
the BMS and ancillary equipment such as the cooling/heating system. These battery racks can 
be coupled in series and/or parallel in order to attain a certain DC voltage level (e.g. 500V-
900V DC), forming groups of battery racks, in order to match the voltage requirements of each 
DC/AC converter. Each battery rack group may be electrically coupled to one or more DC/AC 
converter depending on the availability of the system needed and according to costs limits. In 
case more than one battery rack group is coupled to the same DC/AC converter, the PCS needs 
to include DC/DC converters due to potential differences in the output DC voltage of the 
different groups. An alternative is to connect two battery rack groups and the respective DS/AC 
converter to a two-winding step-up transformer. The PCS can be connected to one or more 
transformers depending on the rated power of the BESS and the redundancy required from the 
system. Such technological solutions may be installed inside a building or may be designed and 
deployed into metallic containers (e.g. standard 20 or 40 feet containers), with the adequate 
environment for the operation of the BESS.  
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2.2.2. Key characteristics for the integration in power systems 
A complete modelling of the BESS and the distribution network to which it is connected is 
an extremely complex problem, very difficult to solve accurately by an adequate optimisation 
method. In contrast, an oversimplified model of BESSs in distribution networks, when 
optimised, would lead to a solution that would not adequately reflect the technical and 
economic impacts of these systems [42]. Therefore, the identification of most relevant 
characteristics of BESSs is fundamental to the modelling of the integration of these 
technological solutions in the planning and operation of islanded and interconnected power 
systems [43]. The key characteristics of BESSs include both functional and non-functional 
parameters, and are transversal to different battery technologies. 
2.2.2.1. Functional parameters 
The key functional parameters of BESSs, in what concerns their integration in power 
systems, are related to the characteristics of these systems that directly influence their 
functioning and, consequently, their impact on the behaviour of the distribution network. Key 
functional parameters include the storage capacity, the charge and discharge power limits, the 
rated power capacity as well as the efficiency of the BESS. 
Storage capacity is the maximum energy quantity that an ideal BESS (without internal 
energy losses) is capable of injecting into or absorbing from the electric grid without being 
charged or discharged, respectively [34, 38]. This is the basic characteristic of energy 
accumulators such as batteries. Nonetheless, the storage capacity may not correspond to the 
useful storable energy of the system as the energy level of the BESS, i.e., its SoC may need to 
be kept between a minimum and maximum level in virtue of technical limits and/or of limiting 
the battery degradation. In addition, the storage capacity decreases over time due to calendar 
and cycle ageing of the battery that leads to degradation and the consequent decay of the 
storage capacity. 
The charge and discharge power limits correspond to the active power that the battery 
system may absorb from or inject to the electric grid, respectively, at a given moment [44]. 
These power limits are imposed, on one hand, by the physical limits of the battery storage 
device itself (maximum charging/discharging current, voltage at different SoC) and, on the 
other hand, by the BMS that has the purpose of, through a compromise between the battery 
performance and its useful life, guaranteeing a safe operation of the battery [39]. This may 
confer a time-varying character to the charge and discharge powers limits according mainly to 
the SoC, the State of Health (SoH), i.e., the energy capacity of the battery cells as a fraction 
of their rated energy capacity, and temperature of the battery cells. Moreover, the charge 
power of the BESS is often lower than its discharge power due to the limited range of 
temperatures within which the battery can be charged [45]. The charge and discharge power 
limits are often presented in terms of C rate, i.e., the rate at which the battery can be charged 
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or discharged to be fully charged or discharged in one hour. For example, a 2C discharge rate 
means that the BESS can fully discharge (from 100% to 0% of SoC) in half an hour. 
The rated power capacity corresponds to the maximum apparent power exchange of the 
BESS with the electric grid. This parameter is defined by the battery storage device and the 
PCS. The charge and discharge limits constrain the exchange of active power with the grid, 
although the discharge power of the BESS may be limited by the rated power of the PCS due to 
economic reasons (e.g. less investment needed due to lower rated power of the PCS and the 
step-up transformer(s)) [32]. The capability of the BESS in exchanging active and reactive 
power with the grid is provided by the PCS and, therefore, is limited by its rated capacity. 
The efficiency of the BESS may be seen as the amount of energy the system is capable of 
injecting in the electric grid for each energy unit it accumulates [33]. This definition 
corresponds to the average round-trip efficiency of the BESS. The efficiency of the BESS 
includes energy losses in its different components such as the battery storage device, the PCS 
and the step-up transformer. Nonetheless, the efficiency of the battery storage device, where 
Faradic losses and energy losses due to the Joule effect occur, is the main factor for the overall 
efficiency of the system together with the ancillary systems utilised to maintain the system 
operating in secure conditions (e.g. temperature). In addition, the charge efficiency may differ 
from the discharge efficiency according to changes in the temperature of the battery cells and 
their SoC. For example, the discharge efficiency of the battery device is higher when the 
battery is closer to fully charged (higher voltage, lower current) and lower when the battery is 
at a lower SoC. The opposite occurs for the charging efficiency. This is common to most of the 
battery technologies known today. 
Other characteristics of BESSs include rate of change limits, response time and self-
discharge. The rate of change limits correspond to how rapidly and how much a battery device 
can react in terms of power output to a change in its load. The response time is the time 
required by the BESS, particularly by the battery device and the PCS, to change its state from 
idle to charging or discharging at rated power [32]. Nonetheless, these dynamic limits are only 
reached in applications of the BESS that regard frequency control or power quality services. 
The self-discharge is the stored energy loss of the BESS when in idle state, a characteristic that 
some battery technologies present. The self-discharge of BESS, a fraction of the storage 
capacity per unit of time, contributes to a lower overall efficiency of the system. 
2.2.2.2. Non-functional parameters 
The key non-functional parameters of BESSs in what concerns their integration in power 
systems are characteristics that present no impact or impose few constraints to the operation 
of the BESS. Nonetheless, considering and determining these parameters is crucial for an 
adequate formulation and solution of the planning problem of BESSs in distribution networks. 
These non-functional parameters include the useful life, Total Ownership Costs (TOC), as well 
as the modularity of BESS. 
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The useful life of BESSs is the time during which the systems operate until they cease 
functioning, or the degradation of their battery device affects the performance of the system 
in such a way that the BESS can no longer fulfil its purpose. Typically, literature and 
manufacturers define that the end of the useful life of the battery device is reached when its 
storage capacity falls below 70%-80% of its initial storage capacity [32]. The useful life of BESSs 
is limited by both their calendar life and their cycle life. The calendar life results from the 
fact that the battery presents degradation whether it is cycled or not. The calendar ageing is 
the irreversible proportion of the lost capacity during the process of storage. This degradation 
through time can have several causes, although it is recognized that temperature and the SoC 
in which the battery is kept the majority of time are the main factors for calendar ageing [46]. 
The cycle life is defined as the number of charge-discharge cycles a battery can perform at a 
certain Depth of Discharge (DoD). The DoD of a cycle is the energy discharged by the battery 
during that cycle as a fraction of its storage capacity [33]. The cycle ageing occurs as a direct 
consequence of the level, the utilisation, the temperature and the current requests of the 
battery, i.e., the cycle life is limited by the number and depth of the cycles as well as the 
conditions in which they occur. The consequences of both calendar and cycle ageing effects 
are a non-linear storage capacity decay with time, resulting from the augment of the battery’s 
internal resistance and the reduction of available peak power [46]. Nevertheless, the existence 
of these kinds of ageing effects and their extent are dependent of the type of battery 
technology. In fact, battery manufacturers can provide the curves for the estimation of the 
cycle life (number versus depth of discharge of the battery cycles) and the calendar life 
(decrease of storage capacity with time) of the battery device for different ranges of operating 
temperatures. 
The Total Ownership Costs (TOC) include all the life-cycle costs of a BESS such as the 
investment cost, maintenance costs, End of Life (EoL) costs and replacement costs, excluding 
operational costs related to the acquisition of energy from the electric grid. This latter cost 
may or may not represent a cost to the battery owner depending on the ownership, location, 
and business model used to operate the BESS, e.g., a battery system located at a wind park 
and owned by the park promoter. The investment cost of BESSs is often given in monetary unit 
per power or energy unit of storage capacity (e.g. €/kW or €/kWh) and includes not only the 
capital cost of the battery device and the other components but also the balance of plant (land, 
installation) and integration costs of the system [32, 47]. Maintenance costs are predominantly 
related with the battery device in what concerns repairing and/or replacing damaged battery 
cells. Maintenance costs are expressed separately from operation costs, being typically 
estimated as a percentage of the investment costs on a yearly basis [32]. EoL costs consider 
recycling and disposal costs of battery storage as most technologies contain hazardous 
materials. However, battery storage may present applicability after its EoL for a given 
application and, therefore, reduce its EoL costs [4, 48]. Replacement costs refer to the cost 
Battery energy storage systems: characterisation and modelling  
22 
of replacing a set of battery cells or the entire battery storage device in order to deal with the 
loss of storage capacity through time, i.e., the battery degradation [49]. These replacement 
costs may occur due to the smaller useful life of the battery device compared to the other 
components of the system and due to economic reasons, with the objective of maximising the 
value of the integration of BESS.  
The modularity of a BESS means that the unitary size of the battery device component is a 
module or container of battery cells (also including BMS and ancillary equipment such as the 
cooling/heating system). This module/container presents a certain charge and discharge 
powers limit and storage capacity, being the total size of the BESS the result of the addition of 
battery containers/modules [50]. The modularity of a BESS represents their capability of 
adjusting the charging/discharging power limits and the storage capacity to levels adequate to 
local network needs. A battery technological family may present more than one modularity 
depending on differences of the active materials of the battery cells, the design of the battery 
cells and the required compromise between performance and useful life of the system. 
Nonetheless, for most battery technologies, the power and energy capacities are not 
independent and, therefore, their possible power to energy ratios are limited, being 
established during the battery design. 
Other characteristics that are relevant to the integration of BESS in distribution networks 
are the footprint and volume as well as the transportability and scalability of the system. The 
footprint and volume of a BESS are predominantly related with the power and energy densities 
of the battery technology and the total electric size of the system. In distribution networks, 
the size of a battery solution may limit the locations for its deployment (e.g. primary or 
secondary substation, renewable plant, consumer site) and, therefore, lead to the siting of the 
system in a suboptimal location [44]. Moreover, the larger the footprint and volume of the 
BESS, the larger balance of plant costs and, consequently, the higher the investment cost. The 
transportability, i.e., the possibility of moving the BESS to different points of the grid at 
different times may be important in applications with temporary benefits or with a very 
seasonable behaviour. The scalability of the BESS, i.e., the possibility of increasing its size 
during a certain time horizon is relevant for applications in which an increasing storage capacity 
over time is needed due to external factors such as load growth or the addition of renewables 
capacity [50]. This can potentially reduce the investment cost of BESS by spreading the cost of 
additional storage capacity in time. 
2.2.3. Battery storage technologies 
The battery storage device is the main differentiating component among BESSs of different 
technologies and, therefore, is relevant in what concerns their applicability in electric grids. 
Currently, multiple battery technologies exist although in different stages of maturity and 
different levels of application in grid storage projects. The maturity of storage technologies 
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varies from idea-concept or laboratory such as Zinc-air batteries to commercially available and 
mature technologies such as Lead-acid, Sodium-Sulphur (NaS) or some Li-ion batteries. This 
section describes the battery technologies that are considered to be more representative of 
the status quo of battery development taking into account the maturity as well as number and 
size of existing projects based in these technologies. Such technologies are lead-acid, Li-ion, 
Nickel-Cadmium, Sodium-sulphur batteries and Vanadium redox batteries. 
A battery consists of one or more electrochemical cells, being each cell constituted by a 
liquid, paste, or solid electrolyte together with a positive electrode (anode) and a negative 
electrode (cathode) [45]. The electrodes are where the redox reactions take place. The 
electrolyte, which separates the electrodes and is usually constituted by a solution containing 
dissociated salts, enables ion transfer between the two electrodes. Once these electrodes are 
connected externally, chemical reactions take place at both electrodes such that a release of 
electrons (electric current) occurs through the external circuit in case the battery is 
discharging. By applying an external voltage across the electrodes, the reactions are reversible 
and the battery is charged [51].  
 
Lead-acid batteries are a mature technology where each cell has its electrodes built in lead 
and immersed in an aqueous solution. Two types of lead-acid batteries exist: flooded type and 
valve regulated (VRLA) type. In the flooded type, during discharge, the lead dioxide on the 
anode is reduced to lead oxide, which in turn reacts with sulphuric acid, and the sponge lead 
on the cathode is oxidized to lead ions, generating electricity. This reaction is reversed when 
charging. The VRLA type uses the same electrochemical technology except that this type of 
lead-acid batteries are closed with pressure regulating valves, sealing the battery cell [38]. 
Lead-acid batteries offer some flexibility in their power and energy capacities as they depend 
on the geometry of the electrodes [3]. In spite of being commercially available and with 
alternative designs, this technology main limitations are the low energy and power densities, 
limited charging power and lower cycle life than, for instance, Lithium-ion batteries. Current 
research for advanced lead-acid batteries include improving specific power limits and cycle life 
through new active materials and cell designs [52].  
 
Lithium-ion (Li-ion) batteries can present several different chemistries and constituent 
materials. This battery family refers to the range of electrochemical systems in which lithium 
ions are exchanged between the electrodes on charge and discharge [53]. In general, the 
cathode is a Li-intercalation compound, typically a metal oxide, characterized by a layered 
structure being the anode made of graphitic carbon with layer structure. The electrolyte is 
non-aqueous and made of lithium salts dissolved in organic carbonates. During charge, the 
lithium ions migrate through the electrolyte towards the carbon anode where they combine 
with external electrons and are deposited between the carbon layers as lithium atoms [45]. 
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The process is reversed during discharge. The structure of a Li-ion battery cell is presented in 
Figure 2.2, adapted from [51]. The various lithium-based chemistries confer different kinds of 
performance in what concerns their power and energy applicability, lifetime, safety and costs, 
but also present different levels of maturity. The versatility of Li-ion batteries allow them to 
present a technology such as Nickel-Cadmium-Aluminium (CBA) Li-ion battery that has better 
characteristics of energy density and cycle life than a Lithium Manganese Oxide (LMO) battery 
which, in turn, enables more power capacity and lower investment costs [52]. The main 
difference between Li-ion batteries resides on the cathode/anode compound, as different 
compounds determine different voltage levels for the battery cell, thus enabling different 
designs for the battery storage device. The main research perspectives include reducing 
technology costs, improving safety and developing management systems that can increase both 
calendar and cycle life [52]. Particularly, research on Li-ion battery materials is moving towards 
developing electrode materials on the basis of abundance and availability of the chemical 
materials in order to reduce technology costs [51]. 
 
 
Figure 2.2. Schematic of a Lithium-ion battery. 
Nickel-Cadmium (NiCd) batteries are alkaline electrochemical devices that rank alongside 
lead-acid batteries in terms of their maturity (~100 years of development) [38]. NiCd batteries 
are constituted by a nickel hydroxide anode, a cadmium hydroxide cathode, a separator and 
an alkaline electrolyte. This technology has high reliability, low maintenance, high energy 
density, although relatively low cycle life. The main disadvantages include the fact that 
cadmium is a toxic heavy metal, hence posing challenges to the disposal of these batteries, as 
well as their high investment cost due to expensive manufacturing processes [45]. NiCd 
batteries, although being the most mature Nickel-based technology, belongs to a broader range 
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of Nickel-based alkaline batteries such as Nickel-Metal hydride (Ni-MH) and Nickel-Zinc (Ni-Zn). 
These technologies tackle some of the drawbacks of NiCd batteries. Nonetheless, current 
research on Nickel-based technologies is focused on integrating new materials and developing 
different manufacturing processes that allow the reduction of their costs and, at the same 
time, allow the increase of their cycle life [52]. 
 
Sodium-Sulphur (NaS) batteries are high temperature electrochemical devices with the 
negative sodium electrode in the centre of each cell, surrounded by the β-alumina solid 
electrolyte tube that, in turn, is surrounded by the positive sulphur electrode. The structure 
of a NaS battery cell is presented in Figure 2.3, adapted from [51]. The idea is to use the β-
alumina as a conducting membrane between two liquid electrodes. The battery cells operate 
at temperatures between 270ºC and 350ºC in order to take advantage of the increased 
conductivity of the β-alumina at higher temperatures and to ensure that the active materials 
are molten. During discharge, illustrated in the magnified cross section of Figure 2.3, the 
sodium is oxidized at the solid electrolyte interface, with the resulting ions flowing through 
the electrolyte to react with the sulphur that is reduced at the positive electrode. The process 
is reverted during charge. This technology presents high energy density, leading to a relatively 
small footprint, high efficiency, cycling flexibility and low maintenance requirements [54]. This 
technology presents two major drawbacks that can be dissociated in operational and safety 
drawbacks. The former is related with the thermal management of this battery that is 
especially challenging as each battery module (i.e., set of cells in series-parallel 
configurations) are thermally insulated and equipped with auxiliary heaters in order to maintain 
a minimum operating temperature. This internal temperature of the modules is maintained 
using the battery’s own energy which significantly increases the self-discharge of this 
technology [45] (the heat needs are reduced if the battery is intensively used). The latter is 
related with the fact that pure sodium can spontaneously ignite in contact with air, and need 
to be protected from water or oxidized ambiances. The burning of an installation based on this 
battery technology in Japan in 2011 highlighted the problems regarding safety in this battery 
type [55]. Therefore, the main research challenges regarding NaS batteries are new battery 
designs and manufacturing developments that can improve its cycle life, reliability and 
performance as well as safety [52]. 
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Figure 2.3. Schematic of a Sodium-Sulphur battery cell. 
Vanadium redox batteries (VRBs) are flow batteries which means that the electrolytes are 
liquid and are pumped from electrolyte storage tanks through reaction stacks where the 
chemical processes of storing energy occurs. The redox-flow cell uses the two circulating 
soluble redox couples that are oxidized and reduced to store or deliver energy. By comparison, 
batteries (except flow batteries) use internal solid electrodes to store energy [56]. This 
technology uses a mixture of vanadium and sulphuric acid as the electrolyte and different ionic 
forms of vanadium as electrodes, exploiting the electron transfer between these ionic forms. 
Using a reactive electrolyte solution with more than two oxidation states of the same element, 
allows extending the cycle life of the VRBs as crossover (contamination between electrolytes) 
represents only an efficiency loss since no species are irreversibility consumed or removed. 
This is a distinguishing factor between this technology and other redox flow batteries [57]. The 
structure of a VRB is presented in Figure 2.4, adapted from [51]. This technology is very flexible 
in terms of sizing due to the fact that power and energy capacities are uncoupled, which does 
not occur in most battery technologies. In fact, the power limits depend of the number of 
stacked cells while the storage capacity depends of the electrolytes tank capacity. Moreover, 
in this technology, the degradation of the storage capacity over time can be tackled by just 
refilling the electrolyte tanks [56]. High costs of some of the materials used, particularly in the 
cell membrane, and reduced energy density, which significantly increases the footprint of this 
technology, are some of the drawbacks of VRBs. Research is focusing in the design of the cells 
to optimise electrode structures and properties in order to reduce production costs and to 
increase energy density of this technology [57]. 
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Figure 2.4. Schematic of a Vanadium redox flow battery. 
Although the processes of storing energy by batteries are well described in the literature, 
the exact values or ranges of values of several parameters are not consensual and may 
significantly differ [45]. Discrepancies are related with the cycle life, the initial costs as well 
as power and energy densities of each technology.  There are several reasons for these 
discrepancies, which are linked with the state of development and maturity of each technology, 
with the lack of experience from implemented grid scale projects and with the fact that there 
are many slight differences between batteries of the same technological family (existence of 
several manufacturers of the same battery technology). Nonetheless, Table 2.1 presents some 
values for design and operating features of the battery technologies presented, based on [3], 
[38], [45], [51] and [56].  
 
Table 2.1. Range of values of characteristics of different battery technologies 
Technology 
Energy 
density 
(Wh/kg) 
Specific 
Energy 
(Wh/L) 
Useful life 
Efficiency1 
(%) 
Capital Cost2 
Calendar 
life (years) 
Cycle life 
(cycles at 80% 
DoD 
(k€/kW) (k€/kWh) 
Lead-acid 30 - 50 50 - 100 5 - 15 500 – 3 000 70% – 85% 50 - 400 130 - 330 
NiCd 50 - 75 60 - 150 10 - 20 800 – 2 500 70% - 75% 200 - 750 450 - 600 
Li-ion 70 - 220 150 - 450 5 – 15 1 000 – 8 000 85% - 95% 400 – 2 000 400 - 600 
NaS 120 - 150 100 10 - 15 2 500 – 6 000 75% - 90% 170 - 350 350 - 550 
VRB 10 - 80 75 - 80 5 – 10  5 000 – 15 000 65% - 85% 400 – 1 200 400 – 900 
1 DC-DC efficiency of the battery storage device 
2 Capital cost of the battery storage device, excluding the rest of the system components (e.g. PCS, step-up 
transformer) 
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Figure 2.5. Worldwide landscape of battery technologies integration 
The current battery technology landscape in terms of installed capacity is presented in 
Figure 2.5, adapted from [58]. It shows that the battery technologies described in this section 
are the technologies, in 2014, with the higher installed capacity. Particularly, NaS batteries 
presented the highest installed capacity in 2012, albeit there has been a halt in the deployment 
of this technology recently due to safety issues. The largest project based on NaS batteries is 
the 34 MW /245 MWh NaS battery in the Rokkasho wind farm (51 MW) in Japan that was 
commissioned in 2008 [59]. On the contrary, Li-ion batteries are currently the battery 
technology with the larger rate of growth in installed capacity. Beyond the additional installed 
capacity in 2013-2014, of notice is the largest project in terms of installed capacity that 
comprises a 40 MW/40 MWh Li-ion battery installed in a substation, also in Japan, that was 
commissioned in 2015. In fact, in 2015 the installed capacity of battery systems was larger than 
the installed capacity in the two-year period of 2013 and 2014. Nonetheless, a significant 
portion of the installed capacity of technologies such as Li-ion, lead-acid, redox flow and NiCd 
batteries is deployed in the context of demonstration projects [58]. 
2.2.4. Combining complementary battery technologies 
The possibility of combining different distributed storage technologies (batteries, flywheels 
and supercapacitors) has been explored with the objective of increasing the range of services 
that a storage system constituted by different technologies can provide. Typically, the 
technological solution consists of combining a battery storage device with a flywheel [60] or 
with a supercapacitor [61, 62]. In such approaches, the objective is to use the battery (e.g. 
lead-acid battery) to provide availability of storage capacity and the flywheel or the 
supercapacitor to provide availability of power. Moreover, applications for distributed storage 
present different requirements regarding the number of cycles the BESS needs to perform and 
regarding the variations of the energy level in those cycles. This means that some applications, 
such as primary frequency control, require performing more cycles although with reduced 
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energy throughput per cycle (i.e., at shallow DoD) while other applications, such as peak 
shaving, may require a smaller number of cycles with higher energy throughput per cycle (i.e., 
at deeper DoD). Therefore, technologies such as flywheels and supercapacitors, that typically 
present higher cycling capability than battery technologies, can be used to provide services 
with high cycle requirements (in spite of battery technologies such as li-ion batteries usually 
presenting competitive cycle life when performing cycles at shallow DoD [63]). Nonetheless, 
combining such technologies often results in increased life-cycle costs (due to the higher life-
cycle costs of flywheels and supercapacitors [63]) and additional challenges in the design of 
these solutions (e.g. flywheels require the use of an additional layer of AC/DC converters).  
In order to address the challenge of combining a wider range of potential applications in a 
storage solution, research is being performed with the objective of developing technologies 
that are capable of presenting availability of both power and storage capacity. For example, 
Electrochemical Double Layered Capacitors (EDLC) are being developed with the aim at joining 
the advantages of batteries and supercapacitors [62].  
Furthermore, due to the multitude of different characteristics of battery technologies, 
combining different battery technologies into a single system, forming a hybrid Battery Energy 
Storage System (h-BESS) can augment the spectrum of battery storage applications. The 
rationale of h-BESSs is to present characteristics such as power to energy ratio and useful life 
more adequate than single technology BESSs to surpass some of the technical and technological 
barriers of the integration of these new assets in distribution networks. However, additional 
challenges to the integration of battery storage in the planning and operation of distribution 
networks exist when combining different battery technologies into an h-BESS. 
The h-BESS is typically constituted by two types of battery technologies, one mostly focused 
on the performance of power applications and the other mostly focused on the performance of 
energy applications [64, 65]. Nonetheless, in [66] is developed the design of a PCS that is 
capable to handle multi-technology battery storage devices (up to five technologies), through 
the inclusion of multi-level converters. An adequate combination of battery technologies 
characteristics and their incorporation in the modelling of this hybrid technological solution is 
essential for an adequate integration in distribution networks, and a fair comparison with single 
technology BESSs must be performed.  
An h-BESS combining complementary characteristics in terms of power and energy can 
address more properly the requirements of performing different services within a distribution 
network. For instance, an h-BESS, constituted by a lithium-ion battery and a lead-acid (or a 
sodium-sulphur battery), coupled with a wind source can utilise the lithium-ion battery to 
smooth the fast fluctuations of wind power output (performing multiple cycles at shallower 
DoD). Also, it can utilise the longer discharge duration battery (e.g. lead-acid or sodium-sulphur 
battery) to time shift the renewable energy to the periods when it is most needed in the electric 
grid, or its economic value is higher (performing one or two cycles per day at deeper DoD). A 
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single technology BESS can also perform these set of services, although the wider range of 
power and energy requirements could limit the technical and economic efficiency of the BESS 
in virtue of the need for the battery to adjust for both the short-term and long-term variability 
of the renewable source and the irregular cycle profile required. 
The h-BESS can also potentially present lower life-cycle costs compared to a single 
technology approach due to aspects related with the investment cost and with the cycle life of 
such technological solutions. The lower investment costs of h-BESSs are a consequence of the 
modularity and power to energy characteristics of battery storage. In a BESS, the modularity 
and the limited range of power to energy ratios may lead to an oversizing of the charging and 
discharging power limits or the storage capacity when fulfilling sizing requirements. For 
example, considering the simplified possibility that the adequate size of a storage system for 
a certain set of applications is 3 MW/ 3 MWh and that a possible BESS solution is constituted by 
1 MW/0.5 MWh modules. In order to fulfil the storage capacity requirements (3 MWh), the BESS 
solution would have to present extra power capacity (6 MW/3 MWh) which would lead to 
additional investment costs (costs could be reduced by limiting power through a small PCS, 
although 3 MW would still be unused). In the case of h-BESSs, the different modularity of 
different battery technologies and their combination possibilities, can facilitate fulfilling size 
requirements and may result in a more reduced need to oversize the battery storage solution. 
In fact, in [64]  it is recognized that the investment costs in the battery storage devices of h-
BESSs (i.e., excluding its interface with the distribution network) can be 36% lower than single-
technology solutions for the same sizing requirements (considering only a type of lithium-ion 
batteries and a type lead-acid batteries). Furthermore, in the case of h-BESS the useful life of 
the battery devices can be longer as each technology type can perform more suitable cycle 
profiles to their characteristics. For example, one battery type (e.g. li-ion batteries) performs 
a larger number of cycles but with lower energy throughput, while the other battery type (e.g. 
sodium sulphur batteries) performs a smaller number of cycles with greater energy throughput. 
A single technology BESS performing both cycle profiles would present more degradation and, 
thus, a shorter useful life which would increase the life-cycle costs of the solution. 
Nevertheless, the more severe ageing effects that occur in the single-technology solution can 
be reduced or eliminated by the fact that the same energy variation required to perform a 
given service corresponds to a shallower DoD in single technology BESSs than in h-BESSs. This 
occurs once the storage capacity is concentrated into a single battery technology, therefore 
limiting degradation effects.  
The planning and operation of BESSs face additional challenges when the possibility of 
combining battery technologies is considered. The operation of h-BESSs presents further 
complexity as their response can be a joint or a single technology response. This means that 
the SCU needs, not only to calculate the optimal overall behaviour of the system (charge or 
discharge, and the magnitude of the charge or discharge) as in single technology approaches, 
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but also needs to adequately decide which battery technology to use (single response or joint 
response) and the amount of power allocated to each type. An adequate operation of the h-
BESS is essential as there is the challenge not to operate the system considering individual 
batteries with different characteristics but, instead, to operate the system coordinating the 
existing batteries in order to present a wider range of possible applications and thus potential 
benefits. 
 
 
Figure 2.6. Discharge duration curves of an h-BESS and a single technology BESS 
One particularity of the operation of h-BESSs is that the availability of power during 
discharge (or charge) is not similar to the availability of power of single technology BESSs 
(considering the same power limits and storage capacity).  Figure 2.6 depicts the discharge 
power limits of a single technology BESS (3 MW/3MWh) and an h-BESS (battery type 1: 1 MW/2 
MWh; battery type 2: 2 MW/1MWh), considering ideal battery systems (i.e., inexistence of 
electrical losses) and disregarding the reduction of the discharge power at lower SoC. It is 
shown that the h-BESS, although presenting the same total discharge power limit (3 MW) and 
storage capacity (3 MWh) as the considered single technology BESS, presents a discharging curve 
different from the single technology approach. In fact, the analysis of their discharge durations, 
i.e., the time during which the batteries can be discharging at their discharge power limits, 
reveals a more limited discharge power over time in the h-BESS than in the single technology 
BESS. This brings challenges at the operational stage as the power limits are more complex to 
model, changing accordingly to the SoC of the overall battery system. Additionally, at the 
planning stage, the technical and economic benefits from different discharging behaviours may 
differ and, thus, need to be quantified. The planning problem of BESS gains an additional 
dimension when considering the possibility of combining battery technologies into a single 
system as the problem is extended to consider not only the total sizing of the BESS but also the 
sizing of each battery technology of the technological solution. 
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2.2.5. Modelling battery storage 
Modelling the characteristics and the behaviour through time of BESSs, especially their 
battery storage devices, is crucial for the integration of these systems in the planning and 
operation of power systems, and particularly of distribution networks. An ideal model is a 
model that can perfectly predict the behaviour of a BESS for all operating conditions and 
throughout the life of the battery, providing reliable estimates of its SoC and SoH [39]. This 
means that one of the objectives of an adequate modelling of battery storage is predicting to 
the possible extent the degradation of the battery during its useful life and thus the impact 
that its operation presents in its ageing processes. However, in advanced studies of distribution 
networks of islanded and interconnected power systems, the accuracy and the complete 
representation of the BESSs are not the most relevant attributes of the modelling [29]. Instead, 
the modelling of these technological solutions needs to focus on two fundamental aspects: an 
adequate representation of the actual characteristics and behaviour of key parameters, 
although without limiting the development of a representative model of the distribution 
network to which the system is connected, thus allowing an integrated optimisation; a model 
that is transversal, being capable of representing different battery technologies which is 
relevant as one of the objectives of the planning problem of BESSs is the selection of the most 
appropriate technology for a given application or set of applications. 
This subsection describes and reviews the models that have been proposed in the literature 
for BESSs, particularly in what concerns the model of their battery storage devices. These 
modelling approaches can be categorised in electrochemical, electrical and mathematical 
models. Within each model type there is a wide variety of proposed models with different 
levels of complexity able to capture the behaviour of batteries for specific purposes, from 
battery design to performance estimation [67]. Furthermore, a review of the analytical 
approaches to the estimation of the useful life of battery storage is presented. 
2.2.5.1. Models for battery storage 
Electrochemical models explicitly represent the chemical processes that take place in the 
battery. These models detail the battery processes which, on one hand, make these models 
the most accurate battery models, but on the other hand, present significantly more 
complexity [68]. In fact, the computational burden of these models are high as they involve a 
system of coupled time-variant spatial partial differential equations which may require a long 
simulation time [67]. Electrochemical models are used to describe characteristics such as the 
mass, energy, momentum, transport of each species for each phase and components of the 
battery cell. This means that the advantage of these models consist on their ability to calculate 
both macroscopic (e.g. cell voltage and current) and microscopic (e.g. temperature of the cell) 
quantities. Moreover, these models are accurate in representing the degradation mechanisms 
of batteries, and particularly Li-ion batteries [46] and Lead-acid batteries [69]. Nonetheless, 
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beyond the complex numerical algorithms that are involved in electrochemical modelling and 
being challenging to solve, these models are very dependent on battery specific information 
which can be difficult to obtain due to the proprietary nature of technologies [67]. In addition, 
the technology data requirements make electrochemical modelling highly specific for a type of 
battery device. Therefore, these models are mainly used to optimise battery cell design and to 
identify processes that limit battery cell performance, instead of being utilised for studies on 
the integration of BESS in power systems [70]. 
 
Electrical models are circuit equivalent models that use a combination of voltage sources, 
resistors, and capacitors for co-design and co-simulation with other electrical circuits and 
systems [71]. This means that there is an abstraction of the electrochemical nature of the 
battery, being the model based only in electrical components. For example, capacity fade is 
often represented by a capacitor with a linearly decreasing capacity and the effect of 
temperature is modelled by a resistor-capacitor combination [39]. The panoply of developed 
electrical models can be categorized in Thevenin-based, impedance-based and runtime-based 
models, as shown in Figure 2.7, adapted from [67]. 
 
 
(a)    (b) 
 
(c) 
Figure 2.7. State of the art electrical models for battery storage: (a) Thevenin-based; (b) impedance-
based; (c) runtime-based electrical models. 
Electrical models have been developed particularly for Lead-acid and Li-ion batteries. Each 
of these models present a different level of complexity and accuracy (1%-5% error for voltage 
and for SoC estimation [63]), although none of them can be implemented in circuit simulators 
to predict both the battery useful life, and its voltage-current performance under different 
conditions of SoC and temperature. This occurs in virtue of the inherent challenges of the 
electric representation of such behaviours. Nonetheless, the structure of the model depends 
on the accuracy intended for the representation of the battery, the goals of the battery 
modelling as well as the methods used to determine the parameters of the model which are 
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usually either electrochemical impedance spectroscopy or measuring pulse discharge behaviour 
[68]. The battery specific parameters determination is a significant drawback since it limits 
the utilisation of these models for planning purposes. Therefore, an approach based in 
electrical models needs to contemplate a discrete-time battery model [72] while presenting 
reduced complexity (e.g. Thevenin-based models). 
 
Mathematical models aim at representing the system-level behaviour of battery storage, 
predicting battery efficiency, useful storage capacity and battery runtime based on empirical 
equations or mathematical methods such as stochastic methods [73]. However, these models 
cannot include important characteristics for circuit simulation and optimisation such as 
current-voltage information as they are abstract representations of the battery functioning. 
The most basic mathematical model represents batteries as energy accumulators with fixed 
power exchange and a fixed ratio of energy output and energy input to model the efficiency of 
the BESS. Therefore, these models are suitable for studies for battery sizing and scheduling 
with discrete-time approaches (time-steps in the order of minutes to hours) [29, 55]. In spite 
of being useful for system-level modelling, mathematical models tend to be representative for 
a limited range of battery applications, with further limitations by providing more inaccurate 
results than electrical and electrochemical models. The performance estimation errors of these 
models are within the range of 5%-20% [67]. Improvements in the accuracy of these models can 
be achieved by considering the charging and discharging power limits [63] and by considering 
the efficiency dependent of the SoC of the BESS [74], thus approximating some electrochemical 
processes of the battery device. In fact, the most complex mathematical models, the diffusion 
model proposed in [75] and its first-order approximation, the kinetics battery model, proposed 
in [76], aim at representing physical and chemical processes of the battery. For example, both 
of these models characterize ionic transport mechanisms of the battery, which are limited in 
virtue of chemical phenomena, leading to the charge of the battery not being totally available 
at different periods of time. Nevertheless, a mathematical modelling approach to represent 
battery storage can be transversal to different battery technologies, being the battery 
information needed to characterize the model more often available and more easily integrated 
in the model.  
2.2.5.2. Analytical methods for estimating the useful life of battery storage 
The simplification of battery storage models, particularly the simplification or no 
consideration of several electrochemical or electric processes, leads to difficulties in the 
quantification of the capacity fade of these technological solutions through time [63]. This is 
the case of mathematical models and more simple electrical models. The accurate estimation 
of the useful life of battery storage is fundamental for an adequate quantification of the 
impacts of its integration in distribution networks, once it influences the operation of BESSs 
(reduced available storage capacity) and their economic assessment (necessity to replace the 
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battery device in different periods of time). Therefore, several analytical approaches have 
been proposed for estimating the useful life of battery storage and predicting its storage 
capacity decay over time. These methods include the average and the weighted Ah-throughput 
methods as well as the “rainflow” method. Such methods are often part of more complete 
mathematical models, as is the case of the “rainflow” method that is included in the kinetic 
battery model [76]. 
 
The average Ah-throughput method, also known as the equivalent full cycles to failure 
method, is the simplest analytical model for the estimation of battery lifetime [77]. This is a 
post-processing model that counts the amount of charge through the battery. Once the energy 
throughput reaches the total throughput expected for the battery (according to manufacturers’ 
data) the battery is considered to have reached its EoL. Therefore, the amount of energy 
discharged is the only stress factor considered, being the battery lifetime considered 
independent of the SoC amplitude of its cycles [78]. Moreover, modelling the evolution of the 
degradation of the battery is not regarded by this method. Nonetheless, in very specific 
applications, where very constant charge/discharge cycles occur, this model can provide 
reasonable accuracy [76]. The method is also not technology specific as the processes 
represented are common to the different battery technologies, meaning that it can be widely 
implemented based on reduced manufacturers’ information or literature values. In most cases, 
the estimated Ah-throughput of a battery device is derived from the battery manufacturer’s 
information regarding the number of cycles to failure according to a certain cycles’ DoD (e.g. 
4 000 cycles at 80% DoD). Mathematically, the estimation of the battery lifetime consists of 
adding the charge (Ah-throughput) cycled by the battery and calculating the equivalent full 
cycles as given by (Eq. 2.1). 
 
𝑍(𝑡 + ∆𝑡) = 𝑍(𝑡) +
𝑃𝑜𝑢𝑡(𝑡). ∆𝑡
𝐸𝐵𝐸𝑆𝑆 . 𝐷𝑜𝐷𝑚
 (Eq. 2.1) 
where 𝑍 is the total equivalent number of cycles of the battery device; 𝑃𝑜𝑢𝑡(𝑡). ∆𝑡 is the energy 
output of the battery during a cycle, being ∆𝑡 the discharging time; 𝐸𝐵𝐸𝑆𝑆 is the rated storage 
capacity of the battery; and 𝐷𝑜𝐷𝑚 is the specific depth of discharge given by the manufacturer. 
Through the calculation of the number of cycles per year of the battery and the average value 
of equivalent full cycles, the lifetime of the battery, in years, can be estimated. When  𝑍 
reaches the expected number of cycles for the battery as given by the manufacturer, the EoL 
of the battery is considered to be reached. 
 
The weighted Ah-throughput method models the ageing mechanisms of the battery 
considering that the impact of a given energy output (i.e., Ah-throughput) on the useful life of 
the battery depends not only on the amount of energy but also on the conditions in which the 
energy output is performed [69]. This is based on the assumption that under standard conditions 
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a battery can achieve a certain Ah-throughput during its useful life. Therefore, deviations from 
standard conditions may result in a virtual increase or decrease of the physical energy output, 
meaning that when the weighted energy output during the lifetime of the battery exceeds its 
un-weighted energy output measured under nominal operating conditions, the battery has 
reached its EoL [78]. This model is an extension of the average Ah-throughput method although 
significantly more complex and, thus, accurate as several stress factors are considered, being 
the Ah-throughput weighted by factors that take into account these ageing effects. This is a 
performance degradation method where, from one time-step to the following, the voltage and 
SoC are determined based on the battery parameters. Based on voltage and SoC, corrosion and 
degradation parameters are calculated and used to determine the remaining capacity of the 
battery, therefore calculating the SoH of the battery as expressed by (Eq. 2.2). 
 
𝑆𝑜𝐻(𝑡) =
𝐶𝑑(𝑡 − 1) − 𝐶𝑐𝑜𝑟𝑟(𝑡) − 𝐶𝑑𝑒𝑔(𝑡)
𝐸𝐵𝐸𝑆𝑆
 (Eq. 2.2) 
where 𝐶𝑑(𝑡 − 1) is the storage capacity of the battery in the precedent time-step; 𝐶𝑐𝑜𝑟𝑟(𝑡) is 
the loss of capacity due to corrosion phenomena; and 𝐶𝑑𝑒𝑔(𝑡) is the storage capacity fade by 
degradation. In spite of being partially heuristic, the parameters of these functions that 
represent different ageing effects rely on real physical and chemical processes [69]. However, 
these parameters for corrosion and degradation are battery specific and, therefore, their 
applicability to different battery technologies [78] is limited. 
 
 
Figure 2.8. Example curve of cycles to failure versus depth of discharge 
The “rainflow” method, which is based in the Downing’s algorithm [79] for the estimation 
of material fatigue damage, considers that the number of cycles that a battery can perform is 
primarily a function of the depth of discharge of those cycles. In this method, a cycle is 
considered completed when the battery’s SoC has returned to the starting point before 
discharge and recharge began, meaning that it is necessary to convert the temporal sequence 
of SoC in a sequence of peaks and valleys [80]. Therefore, SoC variations can be resolved into 
individual cycles over a given range of DoD, being this information used in a cycles to failure 
technique for estimating the cumulative battery degradation. In order to achieve this, 
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empirical curves, such as the one presented in Figure 2.8, that relate the number of cycles to 
failure [i.e. for the storage capacity to decay a certain percentage (e.g. 20%)] as a function of 
the DoD of the cycles performed are used. For example, in [76] the cycles to failure function 
is approximated by a double exponential curve as (Eq. 2.3).  
 
𝐶𝐹(𝐷𝑜𝐷𝑖) = 𝑎1 + 𝑎2. 𝑒
𝑎3.𝐷𝑜𝐷𝑖 + 𝑎4. 𝑒
𝑎5.𝐷𝑜𝐷𝑖 (Eq. 2.3) 
where 𝐶𝐹 is the number of cycles to failure; 𝐷𝑜𝐷𝑖 is the depth of discharge of the 𝑖
𝑡ℎ cycle; 
and 𝑎1, 𝑎2, 𝑎3, 𝑎4 and 𝑎5  are the fitting parameters of the curve. Several fitting methods can 
be employed to determine this function based on a limited number of points of the curve that 
are often provided by manufacturers or that exist in the literature. The fraction of useful life 
used during a given cycle is given by (Eq. 2.4). 
 
𝐷𝑖 =
1
𝐶𝐹𝑖
 (Eq. 2.4) 
where 𝐷𝑖 is the damage on the battery caused by the 𝑖
𝑡ℎ cycle. When the sum of all fractions 
of the calculated damage sum up to 1, the battery is assumed to have reached its EoL and 
needs replacement. For example, considering a year of operation that defines a constant 
cycling profile, a ∑𝐷𝑖 = 0.2 at the end of the year means that the battery device would need 
to be replaced every five years. Nonetheless, despite the fact that the “rainflow” method can 
be implemented for different battery technologies presenting more accuracy than other 
analytical methods (e.g. average Ah-throughput), the hypothesis considered can be 
questionable. There is no interaction between degradation factors, and cycles present the 
same damage effect throughout the lifetime of the battery meaning that this method does not 
reflect several chemical processes of the battery and the effect of temperature is neglected 
(although if the temperature of the battery container is well controlled, the effect of 
temperature can be reduced) [76]. 
2.3. Applications and potential benefits in distribution networks 
Battery energy storage systems may provide benefits to all stakeholders involved in the 
electric industry. Due to their capability of charging, discharging and accumulating energy, 
such technological solutions are capable of influencing both the supply and the demand side of 
electricity and, therefore, may provide a wide range of services to different players of power 
systems. However, the potential applications of BESSs depend of the regulatory framework and 
the business model of their integration in distribution networks as its deployment needs to be 
economically efficient with improved social welfare [4]. 
In spite of being a potentially valuable asset for different stakeholders at different levels of 
the electric system, performing a single service has been recognized as not sufficient for the 
integration of BESSs to achieve economic benefits that could surpass their life-cycle costs [4, 
41]. This means that a combination of various applications of BESSs need to be procured in 
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order to tackle the integration costs of these systems, particularly their investment costs [1]. 
Nonetheless, understanding the requirements of each application as well as studying their 
technical compatibility, i.e., the constraints of performing a certain service to the performance 
of another service, are fundamental for the adequate aggregation of applications. In addition, 
the location of BESSs within the distribution network is also an important factor when 
determining the application or set of applications that a BESS can provide. 
The applications of BESSs can be dissociated according to the type of electric grid to which 
they are connected, i.e., distribution networks of islanded systems or of interconnected power 
systems, and according to the different perspectives of the several stakeholders of these 
electric grids. This section summarizes the main applications and potential benefits of BESSs in 
distribution networks. 
2.3.1. Distribution networks of interconnected power systems 
In interconnected power systems, BESSs can be applied to improve the activities of different 
stakeholders including the DSO, renewables operators, consumers and/or “prosumers” as well 
as the TSO. New stakeholders such as independent storage operators and aggregators can also 
benefit from BESSs, especially in an electricity market approach to the integration of these 
systems. For example, with the objective of improving the economic benefits of integrating 
BESSs, they can be used to perform arbitrage, i.e., charging during periods of lower prices 
(non-peak load periods) and discharging during high price periods that typically correspond to 
the peak load periods [81]. Although the objective is purely economic, performing arbitrage 
can provide local operational benefits (e.g. improved efficiency, flexibility) in the case local 
peak demand corresponds to the highest price periods in the electricity market because more 
of the energy generated to feed peak demand would be generated locally, at the distribution 
level. Nonetheless, BESSs performing solely arbitrage are not economically competitive against 
other ESSs such as CAES and PHS (due to their larger storage capacity), although connected at 
the transmission level. Moreover, the revenues generated by this application are not sufficient 
to surpass the costs of integrating BESSs (considering current market prices differentials). 
Therefore, arbitrage can be seen as a complementary application for BESSs.  
 
Services for distribution system operators 
Regarding the main services to the DSO, BESSs may perform capacity support, dynamic, 
local voltage control and contingency grid support [4, 41]. The range of services that a BESS 
may provide to the DSO is larger but other services are considered rather complementary in 
short-term [41]. These complementary applications may be reactive power compensation and 
distribution power quality (taking advantage of the capabilities of the PCS of BESSs) as well as 
line loss reduction and islanded operation (utilising the PCS as a voltage source converter rather 
than a current source). 
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In the capacity support application, the BESS is used to shift electric load from peak to non-
peak periods, reducing maximum currents on grid assets. This application is similar to and also 
referred in the literature as peak shaving [82]. This is recognized as an energy application with 
discharge durations in the range 2-10 hours [41] that can defer investments in the distribution 
network as it decreases the possibility of grid congestions. For example, a BESS can defer or 
even avoid the capacity reinforcement of a distribution grid (through a multi-MVA HV/MV 
primary substation transformer) by tackling load growth and peak demand, therefore avoiding 
constrained grid assets. The present value of this capacity deferral is the benefit that the BESS 
provides to the DSO, consisting of the economic difference of investing at the moment of the 
BESS deployment and the defer in time provided by the BESS of investing in traditional grid 
upgrades [83]. Nonetheless, the existence and the value of this application is very dependent 
on the local grid configuration as well as the expected growth of electric demand. 
BESSs can also perform dynamic, local voltage control in a distribution network. It is 
mandatory for the DSO to maintain voltage profiles in the grid within admissible/regulatory 
limits (e.g. ±10% of nominal voltage) [84]. With the increase in the penetration level of DG, 
voltage profiles tend to become more volatile as there are multiple power injections along the 
feeders which, by reverting the normal power flow from the transmission grid through the 
distribution grid to the end-users, could lead to voltage rise effects, eventually creating 
overvoltage problems [9]. By an adequate injection/ absorption of active and/or reactive 
power, BESSs may keep voltage profiles within regulatory limits, increasing the reliability of 
the distribution grid as voltage problems may lead to protections tripping. Furthermore, BESSs 
can defer investments in upgrading the network in order to meet voltage drop/raise 
requirements (e.g. norm IEC50160) and, moreover, leverage the benefits of the presence of 
renewable generators by avoiding their curtailment [41].  
Contingency grid support is another service that BESSs may provide to the DSO. In the 
planning of a distribution network, the “N-1” security criterion is taken with fewer constraints 
than in the transmission network. However, in order to guarantee the adequate operation of 
the network after the loss of a major grid component (e.g. primary substation transformer), 
the DSO is often required to oversize its assets relatively to the normal operating conditions 
[41]. BESSs could assist in emergency operation, not only ensuring a higher reliability of the 
network but, also, avoiding oversizing other network components at the planning stage [4]. 
 
Services for transmission system operators 
The liberalization of electricity markets requires the procurement of frequency and voltage 
ancillary services by the TSO from other electric sector stakeholders and participants [85]. 
Although BESSs are connected at the distribution level, they may provide services to the TSO, 
particularly ancillary services. Nonetheless, voltage control as well as other applications of 
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BESSs regarding services to the TSO such as congestion relief or transmission stability are 
identified as complementary services [41]. 
Regarding frequency ancillary services, according to the ENTSO-E [86], three frequency 
control levels are used to maintain load and generation balance. Primary frequency control is 
a local automatic control that adjusts active power from operating generation units, 
controllable loads or storage systems in order to address frequency deviations and maintain 
load and generation balance and system stability. Secondary frequency control or load-
frequency control [85] is a centralized automatic control used to bring frequency to its nominal 
value and interconnections with other systems to their target values in the sequence of an 
imbalance. Tertiary frequency control is a manual dispatching and commitment of generating 
units used to perform secondary frequency control in the case secondary frequency reserves 
are not sufficient, and to restore primary and secondary frequency reserves in the case they 
are used to respond to load and generation imbalances. BESSs can participate in all the three 
frequency control levels, thus contributing to the improvement of the TSO activity. In this 
context, the main application of BESSs is recognized to be primary frequency control. In fact, 
in [83] this application is regarded as one of the most valuable applications for BESSs as the 
storage capacity needs for performing this service to the TSO is often reduced (e.g. one hour 
of discharge duration) and its technical and economic benefits can be significant (depending 
of the market approach to this service). Nonetheless, due to the smaller scale of BESSs in terms 
of rated power, their impact in a large interconnected system may be reduced and may only 
be considered if the power range is higher than a certain threshold (e.g. 1 MW). Moreover, this 
service is still mandatory in several countries (e.g. Portugal) which limits the market-driven 
provision of primary frequency control. Regarding the application of secondary frequency 
control and tertiary frequency control, although the requirements for BESSs to perform these 
services vary from country to country, the more demanding energy requirements that these 
application impose may lead to non-competitive scenarios for BESSs. Nonetheless, their 
competitiveness against other ESSs such as PHS and CAES that typically present higher storage 
capacity depends on the market structure of these services and the technical requirements for 
participating in these types of frequency control.  
Regarding the congestion relief application, the objective for BESSs is to locally, at the 
distribution level, discharge sufficient energy to feed a part of the electric demand or to absorb 
the exceeding renewable energy in order to reduce power flows in the upstream transmission 
network. In fact, this application represents an added value in situations where there are large 
shares of variable renewable sources connected at the distribution level. Particularly in 
situations where DGs production surpasses the local load, power flows become reversed, and 
power is injected into the transmission network, potentially causing congestions. Therefore, 
BESSs can be used to relief these congestions by locally balancing generation and demand. On 
the contrary of frequency control applications, the congestion relief application as well as the 
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voltage control application presents a strong local character and is very case-specific, which 
limits the integration of BESSs exclusively with these objectives.  
 
Services for renewable operators 
The increased and appropriate integration of variable renewable sources is one of the key 
drivers for introducing BESSs in power systems, and particularly distribution networks. BESSs 
can provide services to renewable operators including renewables support for ancillary 
services, short-term fluctuations smoothing, capacity firming and curtailment minimisation. 
BESSs can be applied to provide renewables support for ancillary services. In some 
countries such as Denmark or Ireland that have large and increasing shares of variable RES, 
mostly wind generation, renewable operators have to provide some ancillary services such as 
primary frequency control [87, 88]. Aiming at providing ancillary services, wind generators have 
to operate at a lower point of the optimal power curve, in order to be able to provide upward 
adjustments, resulting in lower efficiencies. BESSs can provide the capability of downward and 
upward adjustments thus maximising the energy provided by renewable sources (operating at 
the optimal point of the power curve).  
In the capacity firming application, the BESS is used to ensure that the combined power 
output of the renewable source and the BESS is constant (with a certain threshold) during a 
certain period of time (e.g. one hour). The target value for the combined output is often based 
on forecasts of the renewable production [89]. The concept for the functioning of the BESS is 
simple: the BESS discharges when the actual production of the renewable source is lower than 
the forecasted one (or lower than the threshold), and charges when it is higher than the 
forecasted production (or higher than the threshold) [90]. Therefore, the BESS can ensure a 
more predictable and constant power output from the renewable source with increased 
controllability. This means that the BESS can reduce the need for reserves to cope with the 
variable and limited-predictable character of renewable sources, even potentiating their 
participation in electricity markets [32]. 
The service of short-term fluctuations smoothing will be rather important if increasing 
shares of variable RES, particularly wind and PV systems, keeps the trend in power systems. In 
this case, the objective of a BESS is to counteract to a certain extent the fast variations of the 
power output that renewables can present. For example, PV systems may present very high 
and fast variations of their output in the presence of clouds. BESSs may smooth those variations 
by charging or discharging (according to the direction of the variation), therefore reducing the 
need for primary frequency reserve in power systems. However, in [41], short-term fluctuation 
smoothing is recognized as a niche application due to lack of tools to measure and translate 
the technical benefits of this application into economic benefits. 
The curtailment minimisation application refers to the deployment of BESSs to tackle the 
problems of the distribution network originated by renewable generators that, consequently, 
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may have to be curtailed. For example, if renewable sources are causing voltage or congestion 
problems, their power output needs to be reduced (totally curtailed if it causes protection 
tripping, for example, due to overvoltage problems) or they need to compensate for reactive 
power (only possible for generators connected to the grid partially or totally through power 
electronics) [91]. Therefore, BESSs can be used to locally compensate voltage and current by 
charging or discharging, or by providing an effective reactive power management in order to 
limit the needs of the system operator to curtail renewable production.  
 
Services for consumers and/or “prosumers” 
The usefulness of BESSs to end-users is mainly related with the price of electricity during 
peak periods, with the ownership or not by the end-users of distributed generation, namely PV, 
and with improvements in quality of service and reliability.  
BESSs can perform peak shaving for end-users, i.e., reduce the power demand during peak 
periods in order to reduce the electricity invoice. For example, industrial customers have a 
part of their invoice varying according to their largest power demand during a certain period 
(e.g. monthly). Moreover, in some countries such as Portugal and Spain, industrial end-users 
that consume more energy than a specific value during peak periods have to pay not only for 
the energy consumed but, also, for the maximum power during those periods, which reflects 
the usage of the capacity of the network. Although the same concept may be used for domestic 
customers, it has been demonstrated that time-of-use energy management is only feasible if 
sufficient differences between tariffs take place as there is the need to compensate for the 
storage device losses [41, 92]. 
BESSs may also contribute to the minimisation of electricity costs for “prosumers”. This 
application is gaining interest and may present high value when renewable technologies and 
specially PV reach grid parity, i.e., have their marginal costs competitive against conventional 
power sources (in addition to the marginal cost of transmitting the energy from these 
centralized sources). Along with the possible extinction of feed-in tariffs, this creates a 
situation where “prosumers” use the renewable energy for self-consumption, reducing their 
electric invoices [92]. However, as local production may not match local consumption and, for 
example, PV panels do not produce during peak demand periods where electricity prices may 
be higher, BESSs may be used to balance generation and consumption, and take advantage of 
different tariffs along the day, thus minimising the electricity costs. 
2.3.2. Distribution networks of islanded power systems 
In distribution networks of islanded power systems, some of the perspectives on BESSs 
change as the generation system of the islanded system is typically connected to the 
distribution network. These power systems are typically vertically integrated and, therefore, 
the system operator manages both the generation system and the distribution system. 
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Therefore, beyond the applications for renewables operators and consumers/”prosumers”, 
BESSs can be applied to provide services to the system operator, namely applications regarding 
the generation system and the distribution network [25]. For example, frequency control 
services have an added value in islanded power systems where a very fast response from BESSs 
can be crucial to maintain security of supply and avoid load shedding [93-95]. Additional 
applications of BESSs in islanded systems are related with the operational constraints of the 
generation system, which is often based on diesel-fired generating units.  
 In the backup reserve application, the BESS ensures the fulfilment of the “N-1” security 
criteria of the generation system of the islanded system, i.e., the continuity of service in case 
of the loss of the largest thermal generator [96]. The BESS needs to provide the required power 
sufficiently fast to avoid severe frequency excursions that could lead to load shedding. 
Additionally, the battery system also needs to maintain the load and generation balance until 
two other diesel generators are brought online (one to feed the load, replacing the battery, 
and the other to ensure the “N-1” security criteria while the battery is recharged). These 
requirements define the theoretical minimum size of an ideal BESS for performing this service. 
For example, if the largest generator has 4 MW of installed capacity and the starting of the 
other thermal generators takes 30 minutes, then the minimum size of an ideal BESS would be 
4 MW/ 2 MWh. The potential benefits of this application are related with the fact that the 
islanded system, with BESS, can operate a significant portion of the time with fewer thermal 
generators online. Consequently, the remaining thermal generators operate at higher operating 
points, thus more efficiently, potentially enabling the accommodation of more renewable 
energy. This results from the fact that the BESS increases the margin between the operating 
point of the thermal generators and their technical minimum output, thus allowing further load 
to be fed by renewable sources. In this application, the systemic effect of BESSs is the reduction 
of the fossil fuels consumption, meaning a reduction of operational costs and of Green-House 
Gases (GHG) emissions. 
BESSs for spinning reserve in islanded systems have the objective of utilising their fast 
response as well as their power and energy capacity to partially replace the use of thermal 
generators in the provision of spinning reserve [24]. Therefore, BESSs augment the flexibility 
of the system to accommodate variations of electric demand and of renewable sources, thus 
augmenting the hosting capacity of the islanded system. Beyond reducing the operating time 
of the thermal generators, the BESS allow thermal generators to operate at higher operating 
points (more efficiently) and with less severe requirements. By contributing in the response to 
the variable character of the load and the renewable sources, BESSs reduce the required 
throttle motion of the diesel-fired generators and the wear of adjusting rapidly their output 
(reducing also their fuel consumption). Moreover, BESSs can reduce the number of starts and 
shutting downs of the thermal units through a more efficient management of the spinning 
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reserve. This means that the BESS reduces production costs of the islanded system and foment 
the integration of renewable sources.  
2.4. Final remarks 
In this chapter, the key characteristics that define battery energy storage systems and their 
modelling complexity in power systems and particularly in distribution networks are discussed. 
The non-linear behaviour of several characteristics of BESSs (e.g. power limits, degradation 
over time) in virtue of their multiple dependencies, particularly from temperature dependent 
parameters, present a significant challenge to the adequate integration of these systems. 
Additionally, each battery technology reveals a different behaviour when subjected to the 
same factors. This highlights the difficulties in modelling battery storage, namely if a generic 
battery model is to be achieved. In fact, there is not a modelling approach that is capable of 
completely modelling the characteristics of BESSs, suitable for being efficiently integrated in 
a more complex model of distribution networks. This challenge is further noticeable if the 
optimisation of the behaviour of the BESS and the distribution network to which it is connected 
is to be accurately achieved based on such complex models. Therefore, there is the need to 
define the modelling requirements taking into account the purpose of the model (e.g. 
integration of BESSs in the planning and operation of distribution networks or the dynamic 
behaviour of the system) and to develop a model that meets these requirements, being able to 
be solved by accurate optimisation methods. 
Modelling the ageing effects of battery storage is a fundamental part of the battery model 
as it influences both the operation and the planning of these solutions. However, the 
degradation factors differ according to the battery technology, meaning that a precise ageing 
model can only contemplate a single battery technology. Moreover, such models often require 
very battery specific (and manufacturer specific) data which increases the challenge of 
modelling degradation. Therefore, the evolution over time of the performance of BESS in 
distribution networks in what concerns their capacity fade needs to be based on ageing models 
that are transversal to different battery technologies, while being accurate to the maximum 
possible extent. 
Considering the current landscape of battery technologies, their potential applications and 
potential benefits to the different stakeholders of distribution networks in islanded systems 
and interconnected system were detailed in this chapter. The most mature and installed 
battery technologies include lead-acid batteries, li-ion batteries, nickel based batteries, 
sodium-sulphur batteries and vanadium redox flow batteries. Their panoply of different 
characteristics allows them to provide different portfolios of applications. Nevertheless, their 
range of applications can be limited by their location (a predetermined location can limit the 
services provided to other stakeholders) and by the requirements for the availability of both 
Final remarks 
45 
power and energy when combining applications (each battery technology is usually more 
adequate for power or energy applications).  
The possibility of combining different battery technologies into a hybrid battery energy 
storage system (h-BESS) needs to be regarded as it has the potential to present a higher value 
than a single technology approach due to the wider range of services and, thus, benefits that 
such solution can provide. Nonetheless, h-BESSs bring additional challenges to the modelling of 
battery storage, presenting more complexity in their integration in the planning and the 
operation of distribution networks.  
  
 
Chapter 3  
Planning of battery energy storage 
systems in distribution networks 
3.1. Overview 
The liberalization of the electric sector in many countries of the world changed the 
traditional paradigm of central planning. In a vertically integrated system, planning may be 
accomplished by a single entity that owns or has the concession and operates the whole power 
system allowing an integrated planning optimisation from the generation to the distribution 
infrastructure. This planning approach is today still in place, for instance, in islanded power 
systems where the system operator, although possibly not being the owner of all generating 
capacity, and particularly of Renewable Energy Sources (RES), is responsible for validating their 
integration. In market-driven models with several stakeholders, however, a planning tool acting 
as a central planner may be redundant and not adequate to the current state of most 
interconnected power systems [26, 97]. Therefore, the integration of Battery Energy Storage 
Systems (BESSs) in the planning of distribution networks must consider the deregulation of the 
electric sector, the potential business models for BESSs and focus on understanding the 
technical and economic impacts that the deployment of BESSs may present in existing and 
future distribution grids. 
The planning of distribution networks aims at defining the network expansion plan and the 
needed grid reinforcements to deal with the natural electric demand growth, the connection 
of new costumers and the growing levels of Distributed Generation (DG), while minimising the 
capital expenditure (CAPEX) and the operational expenditure (OPEX) [28]. The integration of 
BESSs in the planning of distribution networks seen as the process of optimising the location, 
the size (charging/ discharging power limits, and storage capacity), and the battery technology 
(ies) selection of the BESS, in order to fulfil a set of objectives subjected to a set of constraints. 
While the constraints usually reflect technological characteristics e.g. efficiency, State of 
Charge (SoC), and reflect the operational stage of the problem e.g. voltage and current limits, 
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the objectives may be vast due to the multitude of different services that BESSs may provide. 
This brings additional challenges to the planning of distribution networks, which include BESSs, 
whether the planning problem refers to islanded or interconnected power systems. 
In addition, the lack of a regulatory framework for energy storage and particularly for BESSs 
and the consequent difficulties in establishing business models for these new assets of the 
electric grid, pose further challenges to the planning of BESSs. The integration of BESSs in 
distribution networks needs to be justified both technically and economically, meaning that it 
will only occur if cost-effective battery storage solutions coping with adequate operational 
objectives are available. Nonetheless, several of the benefits that BESSs may provide to the 
Distribution System Operator (DSO) such as line loss reduction, investment cost deferral or 
reliability enhancement, as well as the benefits to other stakeholders of the electric sector, 
may not be straightforward to quantify, nor to translate into economic benefits. Particularly, 
split benefits [17], i.e., benefits that battery storage may provide to one stakeholder while 
performing a certain service to another (e.g. a BESS performing voltage control for the DSO 
may avoid the curtailment of renewable generation) are challenging to quantify. Moreover, this 
hampers the comparison between BESSs and other alternative means of flexibility such as 
flexible generation (e.g. CCGT generation) or network reinforcements (e.g. new lines or 
additional transformer capacity in the primary substation) in a fair and non-discriminatory way.  
Based on a thorough literature review of optimisation methods for the planning of battery 
storage, the purpose of this chapter is to position and to present the developed planning 
methodology for integrating BESSs in distribution networks of islanded and interconnected 
power systems. First, the planning problem of battery storage is defined, being its possible 
approaches, perspectives, and objectives described. Then, a critic review of state-of-the-art 
mathematical and heuristic optimisation methods for the planning problem of BESSs is 
presented and detailed. Examining the complexity of the BESSs planning problem in the context 
of this research’s objectives enables the specification and design of the developed planning 
framework for battery storage in distribution networks. Subsequently, the structure and the 
methodological steps of the developed planning tool are described in detail. 
3.2. The battery storage planning problem 
The work developed in [98] defines the generic steps to solve the planning problem of 
Distributed Energy Resources (DER), and particularly DG. The studied investment planning 
includes the following five methodological steps: 
- Identifying the problem and explicitly defining the range of the study and its limits; 
- Determining the objectives of the planning and how they are considered; 
- Recognizing which are the different alternative solutions to the problem; 
- Evaluating the alternative solutions identified; 
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- Selecting the best alternative(s) considering its(their) level of goals fulfilment for the 
planning problem. 
The planning process of battery storage includes procedures that are similar to the ones 
identified for the planning of other DER such as DG. Nonetheless, the specifics of BESSs need 
to be regarded in order to adequately formulate the problem and enable a technical and 
economic efficient integration of these systems in distribution networks. This section reviews 
the main approaches to the battery storage planning problem, discussing their key 
characteristics while identifying the research gaps in this field of expertise. The study of the 
planning problem of battery storage serves as the foundation for the development of the 
proposed planning framework (Section 3.4).  
3.2.1. Characterization and formulation of the planning problem 
The problem of integrating DER in distribution networks has been recognized as being a non-
convex, nonlinear, and combinatorial problem [98]. The non-convexity is defined by the use of 
nonlinear equality constraints such as power flow equations. The nonlinearity may rely on the 
application of nonlinear optimisation objectives such as line loss minimisation. Additionally, 
the combinational nature of the problem is given by the discrete planning variables such as the 
location, size and technology of DER such as DG or distributed storage.  
The planning problem of BESSs may be regarded as a branch of DER planning, albeit with 
the additional complexity of the controllability of BESSs which is often disregarded or simplified 
in state-of-the-art DER planning tools [10]. Although some frameworks for planning DER, and 
particularly for distributed generation, claim the possibility of including storage devices [10, 
15], the majority fail to present how the integration of BESSs may be achieved and concentrate 
the controllability of DER in DG active power curtailment and reactive power 
injection/absorption. This is justified by the fact that, despite battery storage planning belongs 
to the DER planning class of problems, storage devices are a different class of assets that may 
provide multiple services and have inherent technological constraints that differ from other 
DER assets. For example, DG owners aim at maximising the amount of energy injected in the 
distribution network while keeping the network operational limits. A BESS owner may charge 
or discharge the storage system according to network conditions with different objectives that 
may be voltage regulation or reducing peak demand, for example. 
The integration of BESSs in the planning of distribution networks typically presents three 
freedom degrees: the location, size3 (charge and discharge power limits, storage capacity) and 
technology of the battery storage system. The planning problem of storage systems including 
BESSs is also referred to in the literature as the storage investment problem [99] when the 
                                                 
3 The size of the BESS can be represented as a larger freedom degree in the planning problem, 
constituted by two (if charge and discharge power limits are considered equal) or three sub-degrees of 
freedom (if the parameters of charge and discharge power limits as well as storage capacity are to be 
optimised). 
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focus is mainly on the maximisation of the economic value of BESSs, without 
technical/operational objectives being considered. The number of BESSs to be deployed, which 
would add another freedom degree to the planning problem, can be considered in vertically 
integrated power systems or when regarding the perspective of a stakeholder with regulated 
activities (e.g. the DSO). Additionally, if the especial case of BESSs in which the battery system 
is constituted by two battery technologies (i.e., h-BESSs) is considered, an additional dimension 
is added to the planning problem. In this case, the total system size results from a combination 
of modules/containers of batteries of different technologies that further increases the possible 
combinations for the battery storage solution.  
The planning problem of BESSs may be generally presented as follows: 
 
 min 𝐹(𝑥) = min(𝑓1(𝑥), 𝑓2(𝑥), … , 𝑓𝑛(𝑥)) 
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 
𝑥 ∈  Ω 
𝐺(𝑥) = 0 
𝐻(𝑥) ≤ 0 
(Eq. 3.1) 
 
where fi is the i
th objective function, n is the number of objectives, x is the decision variables 
vector of the BESS location, size and technology type(s), Ω is the search space defining possible 
location, sizes and technology or combination of technology types for the BESS. G(x) are the 
set of equality constraints that may correspond, for instance, to power flow equations. H(x) 
are the set of inequality constraints that may include, for example, grid operational constraints 
such as voltage limits and thermal limits, along with operation constraints of the BESS such as 
charging and discharging power limits, State of Charge (SoC) as well as performance targets 
such as minimum values for reliability indices or maximum allowed RES curtailment.  
The scope of the planning problem of BESSs, in what concerns the boundaries of the system 
being studied and the analysis period, needs to be defined. The boundaries of the planning 
problem are defined by the modelling of the distribution network including BESSs which is 
limited by the required accuracy from the optimisation process to be utilised and by the 
complexity of the model of the operational stage of the distribution network [99]. The period 
of analysis, i.e., the planning horizon can be short-term or long-term.  
Short-term planning analyses the possibility of deploying BESSs in order to fulfil a given set 
of objectives, but only guaranteeing that current operational magnitudes and standards are 
kept within limits during a limited period of analysis (impact of the evolution of the grid is not 
considered). This short-term planning refers to the operational planning optimisation where 
the power limits and storage capacity of the battery solution(s) result from the minimisation 
of costs and optimisation of the technical impacts on the planned operation. 
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Long-term planning of BESSs enable including a wider range of possibilities in the analysis 
as it looks further ahead into the future, based on forecasts of several distribution network 
parameters. These parameters may include, for example, load growth, changes in demand 
profiles, new load and DG connections, changes in the network infrastructure, fuel costs, 
electricity market costs and value of money. In the case of long-term BESSs planning, that also 
regards the investment plan in battery storage, the planning horizon typically reflects the 
useful life or the calendar life of BESSs (e.g. 10 or 15 years) [100].  
3.2.2. Central and distributed approaches to battery storage planning 
In a liberalized electric sector, the role of a central planner at the transmission or 
distribution level (performed by the TSO and the DSO, respectively) in the definition of the 
investment plan for the integration of DER is reduced. Particularly in what concerns BESSs, the 
result of an optimal central planning cannot be directly reflected in the actual investment plan 
in these systems as liberalized stakeholders of distribution networks (e.g. renewable 
promoters, prosumers) are responsible for the majority of those investments. Moreover, those 
investments by liberalized stakeholders are only performed if these solutions reveal to be cost-
effective in the perspective of the investor under current market and regulatory frameworks. 
Central approaches to battery storage planning performed in the perspective of network 
operators can present the aim of improving system performance [26], of providing incentives 
to the integration of BESSs [101], of achieving environmental targets, or of minimising negative 
impacts of DG [102]. Works such as [103, 104] consider the perspective of the TSO as a central 
planner, aiming at optimising the portfolio of storage technologies that could lead to the 
minimisation of production and operation costs of the whole power system. The relevance of 
these methodologies resides in the identification of the locations and storage technologies that 
contribute the most to the whole system performance improvement in terms of CAPEX and 
OPEX over their lifetime. The central planner approach is also typically implemented in 
vertically integrated islanded power systems. In this case, BESSs are considered in competition 
with alternative means of capacity and flexibility such as thermal generators and renewable 
sources [21], or the planning problem is reduced to a storage investment plan problem where 
BESSs are considered the only possible upgrade to the existing islanded grid [105]. 
The majority of the developed planning frameworks addresses the distributed approach to 
the battery storage planning problem, i.e., the planning problem is formulated in the 
perspective of a liberalized stakeholder of the distribution network. These stakeholders include 
renewables promoters, prosumers and independent storage operators. The goal of the planning 
is to define the BESS solution that provides the highest economic improvement to the activity 
of the planner. In spite of the goal of this distributed planning being typically the maximisation 
of the economic value of BESSs in the perspective of the respective stakeholder, services to 
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regulated entities such as the DSO can also be considered in the planning problem formulation 
[106].  
The distributed approach to the BESSs planning in distribution networks reduces the number 
of freedom degrees of this problem. This occurs in virtue of the location and, in most cases, 
the number of BESSs being inherently defined. For example, in the planning problem of 
integrating a BESS by a renewable promoter the location is defined by the location of the 
renewable plant, typically only one battery system is installed (the planning problem of a 
renewable promoter having multiple renewable plants, being the definition of the plants in 
which battery storage would be installed can be formulated). Therefore, the freedom degrees 
of the planning problem that are addressed in these approaches are often reduced to the size 
and technology of the BESS. The possibility of combining different battery technologies, 
although often disregarded, can also be considered in a distributed approach to the planning 
problem of battery storage. 
3.2.3. Planning objectives and constraints 
The result of a BESSs planning tool may be the optimal location, the optimal power limits 
and storage capacity, and the optimal technology or the combination of different battery 
technologies of one or more BESSs (optimal number of battery systems). However, the 
objectives to be considered and the constraints to be satisfied may be multiple. The objectives 
and the constraints of the problem include the attributes of the problem considered by the 
planner. The attributes of the planning problem can be technical (e.g. distribution energy 
losses, voltage limits), economic (e.g. investment costs, rate of return), or environmental (e.g. 
CO2 emissions). These attributes reflect the goals of the integration of BESSs in distribution 
networks and enable the assessment of the plan’s quality in the planner’s perspective [99]. 
These goals can result in a combination of multiple attributes. 
The objectives of the planning problem consist of the maximisation or minimisation of one 
or multiple attributes and can reflect the services that BESSs aim at providing, the life-cycle 
costs of BESSs and the life-cycle costs of different distribution network’s assets. When a 
simplified approach is followed, being limited to the planning of operation of a certain scenario 
or set of scenarios where generation and demand are considered to be known beforehand, the 
problem objectives can directly translate the applications of BESSs. For example, in [107] the 
optimal size (power limits and storage capacity) of the BESS in study results from the calculated 
optimal schedule of the system for performing peak shaving in an utility’s distribution network 
considering a certain load profile. The minimisation of the life-cycle costs of BESSs is the 
objective of the planning problem in the case the optimal investment plan is targeted, including 
exclusively battery storage (i.e., alternative solutions are not considered). This approach is 
often implemented when the optimal integration of BESSs is regarded in the perspective of a 
liberalized distribution network stakeholder (e.g. renewables promoter, independent storage 
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operator). For example, the planning problem of coupling a BESS with a wind farm and with a 
PV plant is studied in [108, 109] and [90, 110], respectively. In these works, the optimal size 
of a BESS is based on the solution that presents the highest Net Present Value (NPV) to the 
renewables promoters, being several of the life-cycle costs and benefits analysed in the 
perspective of these stakeholders, excluding any distribution network impacts.  
When the perspective of regulated stakeholders such as the DSO is taken into consideration, 
BESSs are typically included in a broader planning framework that encompasses alternative 
technological solutions (e.g. capacitor banks, renewable generators) for a given problem (e.g. 
voltage regulation, capacity support), or for the expansion of the distribution network. In [26] 
the integration of battery storage in a distribution network is considered to be in competition 
with the integration of capacitor banks and of lines for the provision of reactive compensation 
and voltage regulation. In [111] the planning problem encompasses the possibility of integrating 
BESSs and inverter systems (inverter systems not coupled with the battery system, taking 
advantage of their reactive power capabilities and managing active power by transferring 
power between phases) to perform voltage regulation, peak shaving and phase-balancing in a 
Low Voltage (LV) distribution network. Nonetheless, works such as in [28, 112] focus on the 
storage investment problem, i.e., considering BESSs as the only upgrade option in the 
perspective of the DSO.  
In islanded power systems, due to the vertically integrated system typically in place, the 
perspective of the operator is predominantly considered. Several approaches to the planning 
problem in islanded grids such as [105, 113] consider only the life-cycle costs of a BESS. Broader 
approaches, such as [21], consider different solutions to be in competition at the planning level 
and, therefore, include not only the life-cycle costs of BESSs but also the life-cycle of, for 
instance, diesel generators and renewable generators (in this case, wind generators). 
 The constraints included in the planning problem formulation may be related with 
operational constraints (grid or battery specific), or with maximum/minimum target values for 
an attribute (e.g. minimum hosting capacity for renewables) to be achieved by the deployment 
of battery storage. These operational constraints can be deterministic and/or probabilistic. For 
example, in [102, 114] a probabilistic voltage constraint is defined to ensure that the 
deployment of DER does not lead to voltage limits violations during more than 10% of the period 
of analysis. Nonetheless, such constraints are formulated when the modelling of the operation 
stage in the planning formulation is limited to the planning of operation stage (e.g. day-ahead 
planning of operation). At the planning level, constraints defining maximum/minimum targets 
for the deployment of BESSs may include, for example, the maximum allowable investment 
[21], or the minimum hosting capacity of distribution networks (i.e., the renewable capacity 
that can efficiently be integrated as a fraction of the capacity of the transformers of the 
primary substation) [115]. These constraints aim at defining minimum performance indices or 
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maximum life-cycle costs for the optimal BESS solution, albeit the benefits resulting from 
ensuring these constraints are not reflected in the objective function(s). 
3.2.4. Single objective and multi-objective approaches 
The planning problem of DER in distribution networks, particularly concerning BESSs, can be 
categorised as a multi-objective problem [10]. As described in the previous section (Section 
3.2.3), the goals of the planning problem may be translated into the objective function(s) 
and/or the constraints of the problem. Nonetheless, the approach to the solution of the 
problem, i.e., the selection of the best alternative location(s), size(s), battery technology or 
combination of technologies, and number of BESSs, may be based on a single-objective 
formulation or on a multi-objective formulation.  
The single-objective formulation is a weighted sum minimisation/maximisation problem 
where the aggregated objective is to minimise costs or maximise revenues. In spite of the 
several objectives that can be considered, they are all measured in the same base unit (e.g. 
monetary unit). In fact, the typical approach is to monetise the different objectives, i.e., the 
objectives are translated into their resulting costs and/or revenues. This means that the 
objectives are accomplished according to their order of merit, i.e., their cost or economic 
value, and there is a single best alternative solution, or none.  
Translating technical benefits of BESSs into economic benefits may be difficult to achieve, 
depending on the business model in place and the existing regulatory framework. Additionally, 
if conflicting objectives exist, i.e., improving one objective deteriorates another, the single-
objective approach cannot provide a solution that optimises all objectives. Nevertheless, 
considering the life-cycle costs of the BESSs or life-cycle costs of distribution networks’ assets 
in the planning problem provides a single-objective formulation as the capital and operational 
costs of each solution can be straightforwardly added (with time-scales and time references 
adjustments), being the aggregated objective to minimise the present value of these costs. For 
example, in [26], although objectives with different technical impacts are considered, these 
technical impacts are all translated into costs enabling a single-objective formulation. In this 
work, particularly, the costs to be minimised are the cost of installing BESSs, the cost of 
installing capacitor banks, the cost of installing new lines, the cost of energy losses in the 
distribution network, the cost of energy for price arbitrage as well as the cost of reactive power 
exchange between the distribution network and the upstream transmission network. In the 
case a multi-objective formulation has been implemented in this work, a trade-off could be 
assessed between the investment costs (BESSs, capacitor banks and lines) and the operational 
costs (energy losses, active and reactive energy costs) which could be conflicting objectives.   
The multi-objective formulation addresses the challenge of conflicting objectives, as the 
solution to the planning problem is a set of non-dominated solutions, i.e., the Pareto set [10]. 
Such approach provides information about the correlation and trade-offs of the objectives, 
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their prevalence in order to assist the decision of the planner [116]. The multi-objective 
formulation is typically implemented in the perspective of the DSO, when a broader 
optimisation of the distribution network is pursued, and different assets for distribution 
network upgrade are considered. In [111] the Pareto sets are calculated in the perspective of 
the DSO for the objectives of peak shaving, voltage regulation and annual costs minimisation 
considering the existence of alternative technological solutions (BESSs or inverter systems). 
The technical performance objectives (peak shaving and voltage regulation) are in conflict with 
the economic objective (minimisation of annual costs) as the increase of the investment leads 
to higher performance regarding the considered technical objectives. The multi-objective 
analysis reveals that the deployment of BESSs is only triggered when the performance 
requirements established by the DSO are sufficiently demanding such that the benefits for 
achieving these requirements surpass its costs (including penalties for underperforming). 
However, the multi-objective formulation does not determine a unique optimal solution, but 
rather the set of optimal solutions for different weights of the considered planning objectives. 
This means that, although the multi-objective formulation provides a higher knowledge of the 
problem search space and can identify the predominant objectives, the definition of a single 
optimal solution (as it is provided by the single-objective formulation) can only be achieved 
through a decision aid tool (or predefined merit order list) that could support the multi-
objective approach of the planner. 
3.2.5. The impact of the operational stage model in the planning problem 
3.2.5.1. Modelling the operational stage in the planning formulation 
The integration of BESSs in the planning of distribution networks cannot be completely 
disassociated from the operational stage. It is during the operational stage of the distribution 
network, from the planning of operation (e.g. week-ahead, day-ahead operational plan) to the 
control of the existing assets, which BESSs can be technically and economically assessed and 
their impacts in the distribution network can be accurately quantified. This means that an 
adequate planning framework shall have an inner operational tool that can vary in complexity 
according to the requirements and specifications of the planning framework and to the 
developed modelling of the distribution network including BESSs. This is made clear by the kind 
of equality and inequality constraints that are typically included in the planning problem 
formulation in (Eq. 3.1) that can reflect power flow equations and/or the technological limits 
of BESSs.  
The formulation of the operational stage, however, can be independent from the planning 
problem formulation in case of higher operational complexity and/or in case a more detailed 
modelling of the distribution network including BESSs is implemented. In these approaches, 
operational objectives and constraints are limited or are not included in the planning problem 
formulation. Nonetheless, the operation tool provides the inputs (quantification of the 
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technical and economic impacts) for the assessment of the possible solutions of the planning 
problem [99]. In fact, studies incorporating the model of the operational stage in which the 
assessment of the battery solutions are exclusively based in the planning problem formulation 
often present results with limited representativeness. Although providing valid and sufficiently 
accurate benefits and costs estimations, these studies are often based on a more simplified 
model of BESSs and of the distribution network to which it can be connected. The considered 
objectives and/or constraints are often linearized and relaxed in order to reduce the problem 
complexity and to enable the application of more accurate optimisation methods. Moreover, 
in these planning formulation approaches, the model of the operational stage of the 
distribution network including BESSs is often limited to the planning of operation (e.g. day-
ahead scheduling). In these approaches, electric measures are considered to be known 
beforehand and the technical and economic impacts of closer to time of delivery and intra-
hour deviations from forecasted distribution network behaviour (both generation and demand) 
are disregarded. This leads to an inaccurate quantification of BESSs life-cycle costs and impacts 
in the planning and operation of distribution networks. 
3.2.5.2. Quantification of the technical and economic impacts of battery storage 
The quantification of the technical and economic impacts of BESSs in distribution networks 
is achieved at the operation stage of the integration problem of BESSs. Therefore, the 
uncertainty concerning several parameters of the evolution of the distribution network, and 
how that influences the operation of the distribution network such as renewables hosting 
capacity and load growth, needs to be regarded in the planning problem and reflected in the 
operation problem formulation. Stochastic and deterministic analyses have been applied for 
the quantification of the technical and economic impacts of battery storage. Stochastic 
approaches consist of Monte Carlo simulations or of the use of probability density functions to 
characterize the behaviour of electric quantities (e.g. electric load and renewable sources 
outputs). Deterministic approaches are based on time-series analysis or on snapshot analysis. 
Renewable resources such as solar and wind are often referred to as stochastic resources. 
This means that generators converting electric energy from these resources are as well 
considered to operate stochastically [31, 117]. Therefore, stochastic methods are often 
implemented to study the impacts of RES in power systems and to assess their technical and 
economic performance [15, 118]. Straightforwardly, when evaluating the impacts of BESSs to 
accommodate and provide added value to RES, the same approach may be followed. However, 
in stochastic approaches the representations of a renewable source are achieved through 
historical measurements, i.e., a time-series of all possible behaviours. Consequently, the 
stochastic results are only considered representative as long as the underlying time-series of 
data is also representative [89]. In any case, by taking advantage of the probability distribution 
of certain behaviours of renewable sources or of the electric load, a stochastic approach 
provides different operational situations for BESSs to handle and, consequently, lead to a more 
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accurate quantification of the value of battery storage in distribution networks. For example, 
in order to appropriately take into account the impact of the uncertainty of different 
parameters such as electric demand and renewables generation,  and confer robustness to the 
planning problem solution, a Monte Carlo approach to the different stochastic scenarios is 
implemented in [97, 100]. 
Stochastic analysis and deterministic analysis are not self-exclusive approaches. In fact, the 
performance of BESSs is time-sequent dependent, i.e., the ability to charge or discharge 
depends of the current state of charge, which in turn is dictated by previous actions of the 
storage device. This leads to the use of stochastic methods to generate sequences of 
realisations of the distribution network to which the BESS is connected. In [119] wind speed 
data is used to calculate a probability density function of wind speed, being a five months wind 
generation profile generated based on the wind generator power curve. The wind generation 
profile provides the basis for the performance analysis of the BESS in what concerns its ability 
to absorb fluctuations of the wind power output and to time-shift energy to flatten the wind 
generation profile. In [100] a Monte Carlo simulation is applied to generate the possible 
realisations of a distribution network for an entire year in terms of weather profile (wind and 
solar), along with heat and electricity demand. These possible realisations result from 
considering a correlation between weather-dependent load and renewable generation based 
on historic weather and electric demand data.  
Uncertainty in the planning problem is often modelled as a set of possible future scenarios 
with equal or different probabilities of occurring where each scenario represents a certain 
outcome of a parameter of uncertainty. These parameters may include, for example, different 
penetration levels of renewable sources in a distribution network [112], or different 
combinations or electric demand and renewable generation profiles [82].  
A snapshot analysis to quantify the impacts of BESSs consists of the analysis of a certain 
period e.g. a day or a week that is assumed to characterize a larger period e.g. a year or several 
years based on average or extreme events e.g. RES average profile or RES at maximum output 
and minimum load. Studies in [26, 28, 120] consider that an hourly profile of both DG and 
electric demand during a week is sufficient to characterize a full year. The quantification of 
the impacts of battery storage is performed extrapolating the assessment of the representative 
week for a year and/or for the planning horizon. In fact, the problem with deterministic 
approaches, and particularly the snapshot analysis, is often their representativeness, i.e., if 
the available data can provide results that represent most of the possible realisations. Although 
in the case of a snapshot analysis the underlying data may not be representative to a significant 
extent, this analysis can be useful to establish the boundaries of the performance of BESSs in 
distribution networks. This occurs in worst-case scenarios or best case scenarios approaches 
where the maximum and minimum expected benefits and costs may be bounded. This may be 
relevant if the research aims at defining the technical and economic feasibility of the 
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integration of battery storage to perform a certain service or combination of services. 
Moreover, snapshot analysis may be implemented when there is not sufficient data about 
electric demand or about renewable resources.  
A time-series analysis to quantify the impacts of BESSs consists of taking a series of historical 
measurements (e.g. RES production, load and electricity market prices) that may be 
sufficiently representative, while considering such historical data as future realisations of the 
problem. Works in [89, 117] implement a time-series analysis to determine the optimal sizing 
of a BESS which main purpose consist of minimising forecast errors of renewable sources. 
Moreover, these studies present a technique to assess the representativeness of the utilised 
time series of historical data of wind and PV generation and to evaluate the possibility of 
utilising a smaller portion of the time series of data, to calculate a probability density function 
to be used in stochastic approaches. This technique consists of comparing the results of the 
assessment of the performance of the BESS based on a smaller portion of the available time 
series of measurements (e.g. two years on an hourly basis of wind and PV generation) with the 
results from the assessment of an extended time series of historical measurements (e.g. four 
years on an hourly basis of wind and PV generation). In [89], for example, it is determined that 
the storage capacity of a battery solution can increase about 10% if the longer time series of 
PV production is utilised for the assessment of the optimal size of the BESS. This is performed 
for Root Mean Square Errors (RMSE) of the PV generation forecast of 10%. 
3.3. Optimisation methods in the planning of battery storage 
Reaching the global optimum in the planning problem of BESSs in distribution networks is 
difficult due to the characteristics of the problem and the complexity involved (as described 
in Section 3.2). Moreover, challenges to the implementation of optimisation methods that can 
accurately provide solutions to the planning problem of BESSs are posed by the different 
approaches to the planning problem (central and distributed planning), the objectives and 
constraints included, the single-objective or multi-objective formulation implemented, as well 
as the modelling of the operational stage in the planning problem. Mathematical and heuristic 
optimisation methods have been proposed to address this kind of problems. 
3.3.1. Mathematical optimisation methods 
Mathematical optimisation methods have been developed and utilised in power systems 
planning and operation for many years and, therefore, may be implemented to address the 
planning problem of battery storage in distribution networks. The main advantages of using 
mathematical models to solve optimisation problems include the fact that optimality is 
mathematically rigorous in some algorithms; problems can be formulated taking advantage of 
existing sparsity techniques applicable to large-scale power systems, as well as the availability 
of a wide range of mature mathematical programming techniques such as linear programming, 
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interior point method, quadratic programming, nonlinear programming, mixed integer 
programming and dynamic programming [121]. However, mathematical methods tend to 
provide locally optimal solutions rather than globally optimal solutions, depending on the 
optimisation problem nature [10]. BESSs planning problem is a non-convex, nonlinear, 
combinatorial problem that can present several local optima and one global optimal solution.  
Reducing the degree of complexity of the planning problem of battery storage while 
maintaining the applicability and significance of the results has been one of the main 
approaches in the development of mathematical methods for this problem. The simplifications 
and approximations that are usually performed include the linearization of objectives and 
constraints, relaxation of constraints, reduction of the dimensions of the search space and a 
non-discretised approach to discrete variables (e.g. the power limits and the storage capacity 
of BESSs due to their characteristic of modularity). Only some of the typically performed 
simplifications and approximations such as the linearization of line losses (if an objective) or 
the non-discretization of the BESS size applies to the planning stage per se. In fact, 
mathematical optimisation methods in battery storage planning often present limitations in the 
modelling of the operational stage of the problem in which the assessment of the different 
BESS solutions considered is based. Most of simplifications concerning the operational stage 
model include the linearization of power flow equations or the simplification of the 
representation of BESSs charging and discharging efficiencies. 
In [103], it is proposed a planning problem formulation based on a Mixed Integer Linear 
Programming (MILP) model for the optimal sizing, siting and technology portfolio of storage 
systems in a transmission network. The method implements an Optimal Power Flow (OPF) 
including storage systems (Pumped Hydro Storage, Compressed Air Energy Storage and 
flywheels are considered alongside BESSs) to minimise total system costs (generation costs, 
investment and operational costs of storage system), while integrating renewable generation 
and complying with grid’s operational limits. However, the OPF is based on a DC power flow 
technique that limits the extension of the method developed in this work to distribution 
networks. Moreover, the reactive power capability of BESSs is disregarded. Although the 
authors provide insights on how the developed method could be extended to a stochastic 
problem setting, so that the inherent uncertainty of renewable sources and electric demand 
could be taken into consideration, the modelling of the operational stage of the problem is 
limited. The assessment of the technical and economic impacts of storage systems is performed 
based on an average day profile of demand and an average production profile for the existing 
renewables. Although a 5-minute time-step is used to capture the sub-hourly variability of 
renewable generation and the inflexibility of thermal generation, the limited sample size and 
the fact that electrical measurements (e.g. renewable generation of the following day) are 
known beforehand decrease the representativeness of the outcomes of this work.  
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The problem of siting and sizing distributed storage is addressed through a similar approach  
in [104], where the objectives are also the minimisation of thermal generation costs and 
investment in storage systems in a constrained transmission network, which implies that 
investments in storage systems are made to alleviate these constraints once storage is 
considered the only source of additional flexibility. The planning problem is formulated based 
on MILP, and implementing a lossless DC representation of the transmission network in the 
model of the operational stage. Therefore, the applicability of this formulation to distribution 
networks is also limited. Implementing an OPF based on a linearization of the power flow 
equations through the traditional backward-forward sweep method, utilising the current 
summation matrix and the grid impedance matrix as in [122] can enlarge the application of this 
method to distribution networks. Nevertheless, in [104] the investment costs are expressed on 
a daily basis in order to, on one hand, enable considering these costs in the operational stage 
modelling and, on the other, enable the multiplication of the scenarios in which the different 
storage solutions can be assessed. Although renewable generation and electric demand are 
known a priori, the method is implemented on a daily basis during an entire year in order to 
include a significant sample size in the assessment of storage solutions. Neither of the methods 
developed in [103, 104] regard the evolution of the electric grid in which the storage systems 
are deployed (e.g. electric demand growth, additional renewable capacity) nor regard the 
degradation over time of BESSs. The assessment of the electric grid is based on a limited sample 
of operating conditions for the first year of the planning horizon and, subsequently, the impacts 
of the battery solution are extrapolated for the entire planning horizon considered. 
An approach to addressing the uncertainty of wind generation and electric demand is 
developed in [21], albeit the focus of the work is on wind-diesel isolated grids. This work 
implements a Mixed Integer (non-linear) Programming (MIP) formulation for the minimisation 
of islanded system overall costs (CAPEX and OPEX), being the mathematical optimisation based 
in stochastic programming, i.e., the parameters of the optimisation problem subjected to 
uncertainty are represented by random variables. Therefore, multiple probabilistic scenarios 
can be assessed, each corresponding to the outcome of a random variable. Then, a Monte Carlo 
simulation is performed to estimate the expected value of the objective function, which is 
defined by the different scenarios, providing more accurate and meaningful results. 
Nonetheless, the method developed in this work does not quantify the impacts of BESSs taking 
into account forecast errors of wind generation and electric load, as well as does not regard 
the relevance of analysing sequential events for energy-constrained systems such as BESSs. For 
example, in this work, 4 days are assessed in each scenario, being each day representative of 
a season of the year. As each day is independent from the other in what concerns the scheduling 
of the BESSs, the performance of these systems in a given day is not reflected in the next day 
(and the performance on the current day does reflect the previous performance of the battery 
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system), which may lead to inaccurate extrapolations of the performance of these systems 
during the whole year. 
Applied mathematical optimisation methods in battery storage planning are predominantly 
focused on one of the freedom degrees of the problem. Typically, the sizing 
(charging/discharging power limits, and storage capacity) of the battery system to perform a 
predetermined service or set of services is the addressed challenge. In most approaches, the 
location and technology of the energy storage system are assumed to be selected beforehand. 
In the planning problem of BESSs, if a distributed planning approach is followed, i.e., being 
considered the perspective of a liberalized stakeholder of the distribution network such as a 
renewable promotor or a prosumer, the challenge of determining the most suitable location 
for a BESS is not posed. The number of battery systems is also limited to one (or none), meaning 
that there is not the need of optimising the number of BESSs. On the contrary, in a central 
planning approach the siting (and thus the number) of BESSs is a fundamental aspect of the 
planning problem. In either cases (central or distributed planning approaches), nonetheless, 
the optimisation problem of the sizing and the selection of the battery technology or the 
combination of battery technologies persists.  
The selection of the battery technology that would impose a discrete variable to the 
problem is usually tackled by theoretically justifying its choice, while the possibility of 
combining different battery technologies into a single solution is disregarded in most 
approaches. For example, in [105] the preselection of the Sodium Sulphur (NaS) battery 
technology is justified by their capability of both high energy and high power operation. In 
[115] the preselection of Li-ion batteries also reflects their capability of rapidly responding to 
the fluctuations of wind power (power application) while also avoiding the curtailment of wind 
power due to voltage or congestion constraints (energy applications). In [63] the preselection 
of Li-ion batteries is performed based on previous works that showed that this battery 
technological family has the potential of presenting lower life-cycle costs for the provision of 
primary frequency response than other battery technologies such as NaS or Lead-acid batteries. 
Nonetheless, limiting the approach of the planning problem to a predetermined battery 
technology presents the advantage of allowing a more detailed and complete modelling of the 
battery behaviour and characteristics, thus allowing a more accurate technical and economic 
assessment. In [63] the preselection of Li-ion batteries (and the exact technology within the 
Li-ion batteries technological family) enabled the implementation of a detailed model of the 
battery performance degradation over the planning horizon. 
In an early work in [107], a method based on Multi-Pass Dynamic programming is proposed,   
with the objective of optimally sizing a storage device that is capable of performing load-
levelling and of minimising fuel costs in the perspective of the electric utility of an islanded 
system. In this study, the size of the BESS presents two independent and continuous variables 
that are its power limit (equal charging and discharging power limits) and its storage capacity. 
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In order to narrow the search space, the minimum and maximum power of a BESS is calculated 
according to the minimum and maximum load, while the maximum storage capacity considered 
is dictated by the duration of peak consumption. The optimal size is given by the solution that 
maximises the ratio between the fuel cost savings and the capital cost of the BESS that is 
proportional to the storage device power. The utilisation of Dynamic programming presents the 
problem of dimensionality, i.e., the number of periods that the method is able to analyse is 
relatively small. Moreover, the modularity of BESSs is not regarded, and other benefits that the 
battery system may present such as investment cost deferral are not considered.  
More recent works, based on mathematical methods such as [82, 90, 123], are based on the 
same principle in what concerns optimally sizing battery storage. This principle relies on 
defining discrete power steps (equal or independent charging and discharging power limits) and 
storage capacity steps for the size of the battery system, and, then, iteratively searching the 
possible solutions, selecting the one with better performance, depending on the applied 
criteria. These discrete power steps and storage capacity steps reflect the modularity of a 
given battery technology. In case a set of predetermined battery technologies are considered, 
the modularity and, thus, these discrete steps may be different. Although the optimisation 
focus is similar, the proposed techniques to constrain the search space and stop the search 
process vary. For example, in [90] a minimum size for a BESS is calculated and a step by step 
increase of the size of the BESS is performed as part of the optimal solution search process. In 
this case, all solutions are technically and economically assessed, being selected as the optimal 
solution with the storage size that presents the highest Net Present Value (NPV). In [82] 
minimum and maximum sizes for the BESS are calculated and an “extrema” method is applied, 
i.e., an exhaustive search is performed and the optimal size is derived numerically or 
graphically according to the defined criteria (i.e., maximum economic value derived from a 
cost-benefit analysis). These approaches of limiting the search space for the optimal solution 
of BESSs allow a more detailed modelling of the operational stage of the planning problem. 
Consequently, a more accurate quantification of the technical and economic impacts of the 
considered battery solutions can be achieved. 
The study presented in [124] provides a comparison between mathematical methods applied 
to the planning of DER. Although not directly mentioning BESSs, the work explores the 
problematic of distribution networks planning based on mathematical models, concluding that 
the optimal size and placement of distributed resources may be achieved by mathematical 
tools such as Mixed Integer Linear or Quadratic Programming. However, optimality can only be 
reached at the expense of reducing computational efficiency (which is not critical in the 
planning problem), and of using a simplified operational stage representation to assess the 
performance of those distributed resources. 
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3.3.2. Heuristic optimisation methods 
The development of heuristic optimisation methods has been driven by the need of 
techniques that could characterize network uncertainties and the variations of load and 
renewable sources without being highly constrained by the complexity of the problem involved 
[125]. For several years, heuristic methods have been applied to power systems problems, 
including the distribution network planning problem. In recent years, a large extent of studies 
has been implementing heuristic methods to the planning of DER, namely renewable sources in 
distribution networks [10, 15]. Heuristic optimisation methods encompass a large range of 
algorithms such as Artificial Neural Networks, Evolutionary algorithms and Simulated Annealing. 
The main advantage of implementing heuristic optimisation methods in planning distributed 
resources, and particularly BESSs, is recognized to be the capability of decoupling the planning 
formulation from the modelling of the operational stage [26]. This means that with these 
methods, on one hand, powerful mathematical methods may be applied to define the 
scheduling strategies of network assets such as BESSs and renewable sources, thus providing an 
adequate assessment of the network operation; and on the other, the combinational and 
discrete nature of different parameters of the planning problem can be addressed adequately 
by heuristic methods. In these methods, the operational stage represents an inner process of 
the planning framework. Moreover, by effectively dealing with the discrete nature of decision 
variables and the non-linearity of different objectives and constraints, heuristic optimisation 
methods can be successfully applied to the planning of battery storage, being capable of 
determining a size, location and technology (or combination of technologies) for one or 
multiple BESSs.  
The ability to deal with multi-objective planning problems and multiple energy storage 
systems are also recognized advantages of heuristic methods. Nonetheless, heuristic 
optimisation techniques are only able to provide an approximation to the global optimal 
solution in a limited time which represents a drawback for their development and 
implementation [126]. The most common heuristic optimisation methods used in distribution 
network planning are Evolutionary Algorithms, and particularly Genetic Algorithms [121]. 
Genetic Algorithms (GAs) are based on laws of biology that define that a certain population of 
a species subjected to the same environment (i.e., evaluation criteria) will tend to evolve and 
be more adapted to that environment (i.e., present an improved evaluation). Therefore, first 
a random population is generated, i.e., a number of sets of BESSs solutions in terms of location, 
technology and size; then, this population is evaluated (through the operation tool) according 
to the defined objectives; and, lastly, new populations are created from the previous 
generation through the application of genetic operators such as crossover and mutation, thus 
tending to the selection of the individual solution with the best performance [126]. The concept 
simplicity and adjustability to a large extent of problems with accurate results have triggered 
the interest and widespread use of this technique. These heuristic methods (with some 
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algorithmic variations) have been developed and applied to deal with the planning problem of 
BESSs in recent studies. 
A long-term planning framework for BESSs based on a GA method is proposed in [100] where 
a multi-objective approach is followed. The study is performed in the perspective of the DSO 
assuming that the system operator may participate on the balancing market. The objectives 
pursued are the maximisation of revenues from balancing market participation, the 
minimisation of the energy dependency from the transmission network and the improvement 
of network voltage profiles. As several objectives are considered and are potentially 
conflicting, the work aims at achieving an approximation to the Pareto optimal front, thus 
providing a set of solutions to the network operator. However, it is not clear in the regulatory 
framework of many countries if BESSs may be owned by the DSO with the purpose of 
participating in market activities. Moreover, the approach does not address the cost-
effectiveness of the solutions as their integration costs are disregarded, despite presenting 
both technical and economic objectives. Also, the analysis is focused on a single BESS 
technology (e.g. Li-ion Batteries).  
A multi-objective approach based on a GA is also implemented in [20], although regarding 
the planning problem in islanded power systems and the optimal sizing of wind power and PHS.  
The novelty of this work consists on considering the perspective of the investor (maximisation 
of economic output of PHS and wind power) and the island system’s perspective (minimisation 
of usage of diesel generators and maximisation of renewables penetration while minimising 
life-cycle costs) being a Pareto optimal set derived from these perspectives. The implemented 
GA considers the discrete nature of the size of the wind park and of the PHS. Moreover, the 
evaluation step of the GA depends of the assessment resulting from the inner operational tool. 
It is recognized that, for a rapid (which is not fundamental at the planning stage) and accurate 
convergence to the optimal solution, the evaluation process, i.e., the operation stage 
optimisation of the set of solutions of the current generation needs to be solved rapidly which 
may lead to simplifications of the operational stage modelling (depending on the trade-off 
defined by the planner).  
The perspective of the DSO owning and operating BESSs is provided in [28] where a GA 
method is also proposed. In this case, a single objective of minimising network costs is pursued, 
i.e., CAPEX from upgrading network lines plus OPEX given by network losses. The capital cost 
of investing in storage devices is disregarded while only Redox batteries are analysed 
technically, despite the location and size being optimised. The authors further developed this 
approach in [26] where a competitive scenario in network upgrade between BESSs, capacitor 
banks and new lines is studied; therefore, a comparison between alternative means of network 
flexibility is performed. Capital costs for BESSs, capacitor banks and new lines are included 
along with network losses to compose the objective of minimising network costs. Furthermore, 
Optimisation methods in the planning of battery storage 
65 
the study also focuses on economic incentives scenarios that could place BESSs in front of 
capacitor banks and new lines for the distribution network upgrade. 
 The aforementioned studies [20, 26, 28, 100] although regarding crucial aspects of BESSs 
planning, they do not include other aspects (described in the following paragraphs) of the 
planning problem of battery storage that contribute to a more detailed assessment of BESSs. 
Some of these limitations of the different heuristic methods proposed in the literature are 
similar to the limitations of several mathematical optimisation methods (identified in the 
previous section).  
The first aspect is related with the model of BESSs, as batteries present degradation over 
time (decay of the storage capacity) and, although considering multi-year planning horizon, 
authors do not include this inherent technological characteristic in their optimisation model. 
In fact, the state-of-the-art planning tools for BESSs have only captured to some extent the 
performance degradation over the planning horizon. Disregarding this intrinsic characteristic 
hampers an adequate integration of BESSs both technically and economically. The technical 
benefits of BESSs may not be adequately quantified if an adequate model is not included, once 
the performance at the beginning of life of the battery system is not equal to its performance 
at the end of its useful life. Moreover, this may lead to the need of initially oversizing a BESS 
or adding extra storage capacity during its lifetime, therefore affecting the economics of the 
battery solution. This issue is tackled in a study developed in [123], where a model for the 
degradation of Li-ion batteries based on the number and severity of cycles is included. 
The second aspect is related with the moment in which the integration of BESSs as well as 
other competing alternatives in distribution networks is planned. Most developed planning 
frameworks consider that network upgrades, including BESSs, are performed in the initial year 
of the analyses, which may reduce the accuracy of the economic assessment. For example, if 
in virtue of demand growth and further integration of renewable energy sources a second BESS 
is only needed in year 5 to maintain voltage limits and reduce losses, the developed methods 
would introduce two storage devices in year 0 of the analysis, penalizing the economic analysis 
as the investment devaluation over time is not considered. 
 
In the literature, planning frameworks for battery storage implementing mathematical 
methods have been mainly focused on problems of sizing BESSs to a specific application. In 
these approaches, simplifications of the distribution network operation may be performed 
without the loss of generalization in case the interaction with the distribution network is not 
relevant (e.g. BESSs coupled with DG with the only purpose of smoothing the variability of the 
renewable source [90]). On the contrary, heuristic methods have been implemented when a 
detailed characterisation of the distribution network is needed and, therefore, a disassociation 
of the planning formulation and the operation model is advantageous. In fact, heuristic 
methods have been applied, mainly, in the perspective of the DSO owning and operating BESSs. 
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In these approaches, the location and sizing of the battery systems are fundamental to an 
adequate integration. Nonetheless, whichever the developed method, mathematical or 
heuristic, a comparison between BESSs technologies is often disregarded (nonetheless, in [63] 
various technologies are analysed) and, consequently, it does not stand clear if the a priori 
selected technologies are the most suitable to provide the studied services such as voltage 
regulation, peak load shaving or line losses minimisation. 
3.4. Planning framework for integrating battery storage 
This section describes in detail the developed planning tool for the integration of battery 
storage in distribution networks of both islanded and interconnected systems. The specification 
of the developed planning framework (in Section 3.4.1.) is defined based on the throughout 
literature review of the planning problem of battery storage performed in Section 3.2. and 
Section 3.3. The developed planning methodology, including the methodological steps needed 
for the selection of the optimal solution under pre-specified criteria are presented in Section 
3.4.2., where their inputs, algorithmic processes and outputs are detailed. The intrinsic and 
extrinsic costs and benefits of battery storage included in the planning tool are described in 
Section 3.4.5., considering economic aspects such as the possible business model in place 
(described in Section 3.4.3.) and technical characteristics such as the degradation of BESSs 
(described in Section 3.4.4.). The relevance and purpose of the approaches to the planning 
problem performed such as the sensitivity analysis and the time-series analysis (described in 
Section 3.4.6.) are also discussed. 
3.4.1. Goals and specification of the planning methodology 
The main objective of the developed planning framework is to provide a systematic 
methodology for the optimal sizing, placement, and selection of the technology of a BESS to 
be integrated in distribution networks of both islanded and interconnected power systems. One 
of the key vectors of the proposed methodology is to consider the presence of high shares of 
renewable sources, and enable the assessment of how BESSs can leverage their benefits. For 
this purpose, a mathematical method is proposed considering three fundamental aspects of the 
planning problem:  
- the specificity of the characteristics of battery storage (system/technology/ 
modularity);  
- the need of selecting the optimal solution based on an accurate quantification of the 
technical and economic impacts of battery storage during its useful life;  
- the adequacy of the method to the inherent wide scope of BESSs in distribution 
networks (multi-service nature in islanded and interconnected power systems), without 
the loss of detail in the modelling of the objectives and constraints of the battery 
integration problematic.  
Planning framework for integrating battery storage 
67 
Furthermore, this planning framework, in each of the aforementioned aspects, addresses 
some of the research challenges of state-of-the-art planning tools such as including discrete 
parameters of battery systems (e.g. modularity, location), and considering the time effects in 
the characteristics of the distribution network and in the degradation of battery systems. The 
possibility of extending the planning tool to consider the h-BESS solution, i.e., the combination 
of two battery technologies is, moreover, described in detail. 
The considered freedom degrees of the planning problem are the location, the size (charging 
and discharging power limits, and storage capacity) and the technology of a BESS. However, 
these freedom degrees are not directly translated into decision variables of the problem due 
to the specificity of the characteristics of each battery technology. The modularity of battery 
storage (detailed in Section 2.2.2) dictates that the battery device is constituted by battery 
modules/containers with a given charging power, a given discharging power and a given storage 
capacity. This means that the sizing problem of a battery solution is reduced to a single decision 
variable that is the number of modules from which results the size of the BESS (integer value). 
However, as multiple technologies need to be considered, a decision variable exists per 
technology considered. In order to extend the methodology for considering the h-BESS solution 
(constrained to the combination of two technologies), the possibility of two decision variables 
related to the number of modules of different technologies being larger than zero needs to be 
included. Only some combinations of battery technologies are pertinent to explore (the 
combinations of technologies with different power and energy characteristics) and, thus, the 
search space may be pre-constrained. 
The number of BESSs is constrained to one as a distributed approach to the planning problem 
of battery storage is considered (i.e., the integration is studied in the perspective of a single 
stakeholder rather than in a whole-system perspective as detailed in Section 3.2.2). Neither 
the number of modules in series and parallel, nor the containerization of the battery device 
are regarded in the sizing problem formulation. For simplification, it is assumed that the design 
of the solution is performed in such a way that the DC voltage range of inverters is respected, 
and that this design does not influence the number of modules that constitute a battery 
container. Moreover, the installed capacity of the PCS is considered to be similar to the 
maximum power limits of the battery (typically, the discharging power) at unitary power factor 
(e.g. 500 kW of maximum discharge power leads to a 500 kVA inverter set). Nevertheless, the 
characteristics of BESSs considered in the developed methodology enable a complete 
representation of the planning problem of BESSs in distribution networks, in what concerns the 
freedom degrees of the problem. 
The accurate assessment of the technical and economic impacts of BESSs, particularly their 
life-cycle costs and benefits, needs to be ensured in order to properly integrate battery storage 
at the planning level. The quantification of their impacts in the distribution network can be 
achieved through a detailed modelling of the operational stage of the problem. Aiming at 
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avoiding the implementation of simplifications while aiming at surpassing the added complexity 
of including a detailed modelling of the operation of BESS in the planning problem formulation, 
this methodology decouples the modelling of the planning problem from the operational stage 
of the battery storage integration problem. This enables a more detailed approach both to the 
planning problem and the operation problem, providing further robustness to the methodology. 
Additionally, this decoupling allows a broader range of implementation of the developed 
planning framework, as it enables the development of distinct inner operation tools. In fact, 
integrated in a similar planning framework, operational algorithms can be developed to address 
different challenges of the problematic of BESSs, such as their integration in distribution 
networks of islanded power systems (developed in Chapter 4) and of interconnected power 
systems (developed in Chapter 6). This is achieved considering the multifunctional nature of 
battery storage, therefore different goals can be considered at the planning stage and at the 
operational stage. Additionally, this approach considers the evolution over time of BESSs 
characteristics, and the evolution of the behaviour of the distribution network to which they 
are connected. 
In order to achieve the purpose of the optimal integration of BESSs in distribution networks 
at the planning level, the developed approach consists of a single objective, long-term planning 
framework. The long-term categorization is related with the fact that the planning horizon 
comprises the useful life of the BESS. Therefore, different effects of time such as load growth 
and battery degradation are taken into consideration. The single objective categorization 
reflects the battery investment problem approach that is implemented in the developed 
planning framework. This means that, at the planning level, the optimal battery solution 
corresponds to the solution that presents the higher economic benefits opposed to its life-cycle 
costs. Nonetheless, different objectives may be pursued at the operational stage, related with 
the application(s) of the BESS and the nature of the distribution network considered in the 
planning problem, i.e., the integration of BESSs in islanded or interconnected power systems.  
3.4.2. The developed planning methodology: Overview and description 
The methodological steps of the developed planning framework are presented in Figure 3.1. 
The approach on the planning of battery storage in distribution networks takes into account 
five crucial vectors such as: the present and future characteristics of the distribution network 
(step <1> and Step <2>); the penetration levels of renewable sources and the behaviour of 
electric demand (step <3>); the technical and economic structure of the BESS integration 
problem based on the operating strategy (step <5>); and the business model in place (step <6>); 
as well as the location, technology and size selection of the BESS (step <4> and steps <9>-<15>). 
Furthermore, an optimal management of the system (i.e., the operational algorithm) that leads 
to a robust assessment of the distribution network performance including battery storage is 
performed (steps <7>-<8>, and steps <10>-<12>).  
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Figure 3.1. Flowchart of the developed planning framework 
The objective function of the developed approach to the planning problem of battery 
storage in distribution networks is formulated in (Eq. 3.2). The formulation translates the 
objective of integrating the most cost-effective solution, i.e., the battery solution that 
presents the largest Net Present Value (NPV). This means that the planning problem is regarded 
as a battery investment problem where the economic outcome (that also takes into account 
the translation of technical benefits into economic benefits) of each considered battery 
solution is assessed through a Cost-benefit Analysis (CBA), in step <13>. The costs and benefits 
of each battery solution during the planning horizon result from the business model in place 
(step <6>, detailed in Section 3.4.3), from the initial and end of life costs of the BESS, as well 
as from the services provided by the BESS during its useful life. The CBA step is detailed in 
Section 3.4.5. Therefore, the selection of the optimal solution, in step <15>, is based on the 
economic criterion of the NPV. 
 
max𝑁𝑃𝑉( 𝑙𝐵𝐸𝑆𝑆 , 𝑚1, … ,𝑚𝑛𝑡𝑒𝑐ℎ) = max∑
[𝑅(𝑡) − 𝐶(𝑡)]
(1 + 𝑘)𝑡
𝑇
𝑡=0
 , 𝑡 ∈ 0, 1, 2, … , 𝑇 (Eq. 3.2) 
where 𝑙𝐵𝐸𝑆𝑆 represents the decision variable of the location of the BESS (i.e., the busbar to 
which it is connected); 𝑚1, … ,𝑚𝑛𝑡𝑒𝑐ℎ represent the number of battery modules of each battery 
technology considered, in the range of 1 to 𝑛𝑡𝑒𝑐ℎ battery technologies. These decision variables 
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are specified in Section 3.4.1, being the search space constrained by the possible technological 
solutions, i.e., battery technologies and possible combination of technologies defined in step 
<4> in Figure 3.1. The NPV is given by the difference between the sum of the revenues 𝑅(𝑡) 
and the sum of the costs  𝐶(𝑡) during the planning horizon of 𝑇 years, discounted at a certain 
𝑘 nominal discount rate. The planning horizon includes the year 0 in order to account for the 
investment costs of the battery solution.  
The planning framework needs six types of input data, from the network model to the 
business model (steps <1>-<6>), in order to derive the optimal battery solution of the problem 
(considering the specific criteria of the cost-benefit analysis) based on the simulation of the 
distribution network behaviour and operation during the planning horizon (e.g. 15 years). The 
CBA of the integration of the battery solution is performed through the straightforward 
comparison of the technical and economic performance of the distribution network with and 
without the deployment of the battery solution. This operation model of the distribution 
network consists of the same operating principles (defined in step <5>) and, therefore, the 
same operational algorithm with and without the existence of the BESS is implemented in step 
<7> and step <10>. This enables a fair and an accurate quantification of the technical and 
economic impacts of a battery solution during the planning horizon. 
The representation of the distribution network to which the battery system is connected is 
addressed in steps <1>-<3>, in Figure 3.1. These steps cannot be dissociated as the network 
model (step <1>) may vary according to the evolution through time of the distribution network 
(step <2>) and, therefore, the data related to the generation of the existing renewable sources 
and related to the electric demand (step <3>) are dependent of these previous methodological 
steps. The scope and detail of the network model depends of the problem being addressed, 
and of the perspective of which distribution network stakeholder the planning problem is being 
approached. For example, the integration of a BESS in the perspective of a renewable promoter 
or in the perspective of a prosumer with the objective of performing functionalities related 
with the activity of its owner does not require the complete modelling of the distribution 
network to which the BESS is connected. Instead, only the grid at the stakeholder’s side of the 
meter needs to be modelled. However, if the BESS performs services to the DSO a more detailed 
modelling of the distribution network is essential to capture the technical and economic 
impacts of the battery storage solution.  
In step <1>, the detailed model of the distribution network consists of: the network 
topology; the DG technology (e.g. Wind, Photovoltaic), the location and the installed capacity 
of existing renewable sources; the type of consumers (e.g. residential, industrial and 
commercial), the location and the installed capacity of electric loads; the characteristics of 
lines and cables (e.g. physical parameters such as resistance and reactance, length); the 
characteristics of On-Load Tap Changer (OLTC) transformers at the primary substation (e.g. 
installed capacity, number of taps, tap step); and the type (e.g. fixed shunt, switched shunt) 
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and the characteristics of existing capacitor banks (e.g. installed capacity, number of taps, tap 
step). This planning framework is mainly focused on the integration of BESSs at the Medium 
Voltage (MV) distribution network level and, therefore, the network modelling aggregates 
electric demand per MV/Low Voltage (LV) secondary substation. 
The deployment of the BESS is not the only variable in the planning of the distribution 
network when a holistic approach to the planning problem is implemented. Therefore, the 
evolution of the distribution network, in step <2> in Figure 3.1, envisages the possible 
modification of the network model as well as the growth of renewable generation and the 
growth of electric demand on a yearly basis. At the beginning of each year, the dynamic 
evolution of the network to which the BESS is connected is reflected in the distribution network 
modelling, being taken into consideration in the yearly assessment of the overall system 
performance. The modifications of the network model may result from capacity upgrades or 
new lines and/or OLTC transformers, the connection of new distributed generation and electric 
loads. The renewable generation and electric demand profiles during the planning horizon, in 
step <3>, are established based on the network model and the evolution of the distribution 
network. The mathematical methods used to model and extend the renewable generation and 
electric demand time-series to the period of analysis are presented in Section 3.4.6. 
The search space of the planning problem is defined and limited by the battery technologies 
or the combination of battery technologies, their modularity, and their potential locations 
given as an input to the developed planning methodology in step <4>. In this methodological 
step, different BESSs technological groups are defined accordingly to several parameters. The 
main functional and non-functional parameters that represent a battery solution in the planning 
framework are summarily presented in Table 3.1.  
 
Table 3.1 – BESSs parameters considered in the planning framework 
Battery technological solution 
Functional parameters Non-Functional parameters 
- Charging power limits (kW) 
- Charging efficiency (%) 
- Discharging power limits (kW) 
- Discharging efficiency (%) 
- Rated Power (kVA) 
- Storage Capacity (kWh) 
- Useful State of Charge range (%) 
- Technology(ies) 
- Location 
- Modularity 
- Calendar life (years) 
- Useful life (batteries degradation curve) 
- Investment cost (€/kWh) 
- Maintenance cost (€/kW-year) 
- Replacement and End of Life Costs (€/kWh) 
 
Functional parameters are intrinsically related with the modelling of the operational stage 
and, thus, mostly concern the operational algorithm in step <10>. Nonetheless, these 
parameters are relevant at the planning level in virtue of the dependence from several life-
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cycle costs (e.g. investment and maintenance costs). Moreover, these parameters are an 
integrant part of the sensitivity analysis, in step <16>. The operational costs and benefits result 
from the operating strategy (step <5>), from the business model (step <6>) and from the 
operational algorithm and, thus, they are not part of the initial characterization of the 
potential BESS solutions. 
The battery model, including the BESS technical and economic characteristics, is integrated 
in the distribution network model, in each iteration, in step <9> of Figure 3.1. The battery 
model consists of a mathematical model of the BESS, being the mathematical formulation 
included in the operational algorithm, in step <10>. This model represents the BESS 
characteristics and operational limits, i.e., the functional parameters of the BESS. The 
analytical method included in the planning framework for the modelling and assessment of the 
battery degradation during the planning horizon, in step <11>, is based on the “rainflow” 
method (see Section 2.2.5.2). The developed implementation of this method is detailed in 
Section 3.4.4. 
The search for the optimal storage solution, i.e., the technology or combination of 
technologies, the size (charging and discharging power, storage capacity), and the location of 
the BESS, that result from the decision variables defined in (Eq. 3.2), is an iterative process, 
represented in steps <9>-<14>. This iterative process consists of sequentially increasing the 
BESS’ size (addition of a battery module) for each considered technology and selecting possible 
locations for the deployment of the battery solution.  Therefore, the search space reflects the 
freedom degrees of the problem taking into account the modularity of each battery technology, 
the number of different technologies considered and the pre-defined possible locations for the 
BESS (according to the planner’s input). The search is stopped (globally or for a given location 
of the BESS), in step <14> in Figure 3.1, if in two consecutive solutions, an increase in the 
storage size is not translated in an improvement of the cycle-life economic output of the BESS 
per storage capacity unit (additional €/kWh).  
The robustness of the optimal solution selection, performed in step <15>, is assessed 
through a sensitivity analysis, in step <16>. In this analysis, all considered battery solutions 
(resulting from the search process) are taken into account, and the sensitivity of each solution 
to the variation of the most relevant technical and economic parameters is evaluated (e.g. 
load growth, battery investment costs). Moreover, this process enables the determination of 
target values or range of values for these technical and economic parameters that would enable 
the cost-effectiveness of a certain battery solution (i.e., with a NPV equal or greater than zero) 
or, for example, that allow a certain increase of renewables accommodation in the distribution 
network. These target values are included in step <14> of the developed methodology as the 
search for the optimal solution only stops when such values are achieved. 
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3.4.3. The business model: battery systems as shared resources 
The definition of the business models for the integration of BESSs in distribution networks 
of islanded and interconnected power systems contemplates the ownership, operation, 
maintenance as well as the services, market and regulated (in the scope of activity of regulated 
stakeholders such as the DSO and the TSO), that battery storage may provide. Although their 
establishment is difficult under the currently uncertain regulatory framework, detailing the 
possible business models for BESSs contributes to identifying the potential value streams and 
life-cycle costs of these assets, which are essential for the planning of the integration of battery 
storage. Moreover, the business model defines the participating stakeholders (e.g. DSO, TSO, 
etc.) and the extent of their participation, i.e., ownership, commercial control or service 
contractor. 
Several business models for distributed storage and, thus, battery storage are in place and 
others have been proposed. These business models are generic or designed in the perspective 
of a given stakeholder of the distribution network. For example, in [127] a business model is 
proposed where the owner of the BESS (not specified, as the objective is to developed a generic 
model) utilises the storage resource only to provide services to other stakeholders of the 
electric sector. The aggregation of different services of the BESS is achieved through a series 
of auctions where the magnitude and the availability time of the storage capacity (i.e., the 
schedule of the BESS) is defined based on the bids of other stakeholders that allow the highest 
income. Nonetheless, stakeholder-specific business models are presented in [128] where 
different business models for distributed storage in the perspective of the DSO are explored.  
The proposed business model details the possible use of storage systems for the DSO, including 
approaches based only on the regulated activities of the DSO (i.e., a single value stream), and 
approaches where the DSO can use the storage resource to participate in electricity markets 
(i.e., multiple value streams). Also, business models based on incentives schemes where the 
DSO pays to attain a certain behaviour from the existing storage systems are described. 
 The structure of the business model included in the developed planning methodology, in 
step <6> of Figure 3.1, is focused on the implications of the business model in the assessment 
of the potential costs and the potential revenues of a BESS. Additionally, its implications in the 
operational model of the BESSs integration problem are regarded. A novel business model 
structure is developed in order to accommodate different integration scenarios of BESSs in 
distribution networks (e.g. islanded systems, interconnected systems) as well as the 
perspectives of several stakeholders (e.g. islanded system operator, the DSO, renewable 
promoters). Furthermore, the proposed structure for the business model ensures a clear 
understanding of the goals of the integration of BESSs and, thus, the adequate modelling of 
objectives and constraints in the operational stage of the problem. 
The structure of the business model for the integration of BESSs consists of presenting these 
assets as shared resources in distribution networks. The concept encompasses a framework for 
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aggregating value of a BESS through the allocation of storage capacity to perform multiple 
services to several stakeholders. The business model considers a single stakeholder owning and 
operating a BESS. The owner uses the BESS to perform services related with its intrinsic activity 
(e.g. the DSO for capacity support, the renewable promoter for augmenting energy sales). In 
addition, the storage resource is shared for the provision of services to other stakeholders that 
could benefit from the existence of the flexibility provided by the BESS. The BESS owner 
establishes its operating strategy by properly aggregating the different services and optimally 
allocating storage capacity (this is performed at the operational stage of the problem). The 
proposed structure for the business model with the objective of maximising the value of BESSs 
is presented in Figure 3.2. 
 
 
Figure 3.2. Developed structure for the business model of battery storage integration 
Sharing the storage resource allows additional revenue streams that may result from 
contracted services or from a storage market. The former value stream relies on services where 
the owner of the BESS contractually guarantees the commercial control to a third party, i.e., 
ensures the availability of a certain active and/or reactive power of the BESS and storage 
capacity during certain periods of time. For example, a renewable promoter may offer capacity 
support (by firming renewable capacity) and voltage regulation to the DSO during certain 
periods of the day, specified by the DSO. This means that third-party contracted services need 
to be regarded as constraints in the operation problem of BESSs in distribution networks. The 
storage market value stream consists of scheduling the use of the remaining storage resource 
in order to provide services to other stakeholders. In this case, the scheduling is based on a 
series of auctions in order to foment the use of the storage capacity to provide the most 
valuable services. This means that these potential services are in competition, being provided 
if they ensure added value for the BESS and, thus, they need to be formulated in the objective 
function of the operational stage problem. Moreover, the proposed storage market, due to the 
multiple services that it may encompass, requires different time horizons (e.g. day-ahead, 
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hour-ahead schedule) and different time scales (e.g. hourly periods, half-hour periods) to be 
considered. Nonetheless, the resulting BESS schedule must not put at risk the realization of 
other, more valuable or contracted services, as the goal is the maximisation of the income 
streams (ensured via operational constraints). 
The concept of battery storage as a shared resource is the core characteristic of the 
proposed business model structure, in step <6>. The idea is that the BESS owner can grant the 
availability of power and energy for different distribution network’s actors, therefore 
contribution to improving the cost effectiveness of the selected technological solution. Also in 
this methodological step, the remaining business model is developed, depending on the 
particularities of the problem being addressed. For example, in an islanded power system, a 
BESS owned and operated by the system operator may offer the storage resource services to 
existing renewable promoters, in order to minimise their power curtailment. In this case, the 
business model for the BESS could consist of avoided costs for the operator resulting from the 
operation of the islanded system with fewer diesel generators. Moreover, an additional revenue 
stream would result from the renewable promoter being paid less for the extra renewable 
energy delivered (that would otherwise be curtailed) to compensate for the utilisation of the 
BESS. In the case of a distribution network of an interconnected power system, a business 
model based on the proposed structure may consist of, for instance, an industrial prosumer 
commercially sharing its storage resource with the DSO. In this case, the third party contract 
with the DSO can be assessed in a logic of opportunity costs, i.e., the cost (or reduction in 
revenues) that the BESS owner incurs due to the provision of services to the DSO. This 
opportunity cost reflects the minimum value that the DSO should pay for the provision of the 
contracted services (e.g. capacity support, voltage regulation). 
3.4.4. Cycle life and degradation modelling of battery storage 
The modelling of the BESS and the assessment of its performance during the planning 
horizon, taking into account its inherent characteristic of storage capacity degradation over 
time, is essential for a more accurate quantification of the technical and economic value of its 
integration. Therefore, the analysis of the frequency and depth of BESS’ cycles during the 
planning horizon enables, on one hand, an enhanced estimation of the BESS capacity decay 
over time and, thus, quantifying its influence on the performance of the BESS. On the other 
hand, enables reflecting these characteristics in the technical and economic assessment of the 
BESS through a more accurate evaluation of the State of Health (SoH) of the battery device and 
the need for storage capacity reinforcements.  
Several advanced battery lifetime estimation models exist albeit requiring substantial 
amounts of location and technology-intrinsic data as detailed in Section 2.2.5.2. of Chapter 2. 
Nevertheless, the developed planning methodology presents the objective of optimising the 
battery technology in the planning problem of battery storage and, consequently, multiple 
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technologies are considered. This means that the implemented battery degradation model 
needs to be capable of being applied transversally to different battery technological solutions. 
The developed planning methodology implements the “rainflow” method as the analytical 
method for estimating the useful life of the battery device of the BESS, in step <11> of Figure 
3.1. The basic principles of the “rainflow” method (detailed in Section 2.2.5.2. of Chapter 2) 
can be implemented independently of the battery technology as long as the curve opposing the 
number of cycles to End of Life (EoL) and the Depth of Discharge (DoD) of these cycles is 
available or can be approximated by a fitting method.  
 
 
Figure 3.3. Detail of the battery degradation estimation step of the developed planning framework 
The step of the developed methodology regarding the battery degradation estimation is 
presented in more detail in Figure 3.3. This methodological step is performed on a yearly basis 
during the planning horizon, interacting with the operational algorithm (step <10>) and 
producing inputs for the technical and economic assessment, in step <12>. At the end of each 
year, simulated in the operational algorithm, the profile of the battery charging/discharging 
cycles (number and depth of the cycles) is evaluated by the battery degradation estimator, in 
step <11.1.1>. By implementing the “rainflow method” the SoH of the battery is estimated, 
being its value compared to the minimum pre-stablished value for considering that the battery 
has reached its EOL (e.g. SOH ≤80%), in step <11.1.2>. In case the minimum SoH is achieved, 
the battery device is considered to be fully replaced in step <11.1.3>, meaning that the storage 
capacity at the start of the following year corresponds to the storage capacity at the Beginning 
of Life (BoL). In case the minimum SoH is not achieved, the storage capacity at the beginning 
of the following year is updated according to the cumulative degradation of the battery during 
its lifetime, in step <11.1.4>. Furthermore, the implementation of the battery degradation 
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estimation presents impacts in the technical assessment as the loss of storage capacity limits 
the performance of the BESS (more constrained operation). Economically, this step of the 
developed planning framework allows not only to quantify the need of storage capacity 
upgrades during the planning horizon, but also recognizes the moment of time in which these 
reinforcements need to be performed (which significantly influences the battery storage 
investment problem). 
3.4.5. Cost-Benefit Analysis: Optimal solution selection 
The Cost-Benefit Analysis (CBA) performed in step <13> in Figure 3.1 enables the comparison 
of the economic performance (which also reflects the monetization of the technical benefits) 
of the evaluated solutions of the search space, thus providing a straightforward and fair (as it 
is based on the same comparison principles) optimal solution selection. The optimal solution 
selection, in step <15>, is based on an economic criterion: the Net Present Value (NPV) as 
translated by (Eq. 3.3) (the simplification of (Eq. 3.2) for each evaluated BESS solution). The 
NPV represents the current economic value of investing in a certain BESS, taking into account 
the revenues and costs of the solution during the planning horizon, as well as the value of these 
cash flows over time. Nonetheless, other economic results such as the payback time (i.e., the 
number of years to achieve a zero or positive NPV) and the Internal Rate of Return (IRR) of the 
BESS investment project are derived from the CBA.  
 
𝑁𝑃𝑉𝐵𝐸𝑆𝑆𝑙 =∑
[𝑅𝑙(𝑡) − 𝐶𝑙(𝑡)]
(1 + 𝑘)𝑡
𝑇
𝑡=0
 , 𝑡 ∈ 0, 1, 2, … , 𝑇 (Eq. 3.3) 
In (Eq. 3.3) the nominal discount rate 𝑘 reflects two other financial indices, the real discount 
rate and inflation. The relation between these financial indices is given by (Eq. 3.4), where 𝑑 
is the real discount rate (e.g. 8%) and 𝑖 is the inflation rate (e.g. 2%).  
 
(1 + 𝑘) = (1 + 𝑑). (1 + 𝑖) (Eq. 3.4) 
The value of these indices varies accordingly to the country where the investment is to be 
made, the planning horizon considered, the stakeholder (e.g. DSO, renewable promoter) that 
is investing in the battery solution and the risk associated with the investment project. 
Nevertheless, the developed methodology compares different BESS solutions based on the same 
economic principles, assessing the impact of the financial indices and their predominance in 
the selection of the optimal solution, based on the sensitivity analysis in step <16>.   
The costs of BESSs during the planning horizon can be intrinsic costs or extrinsic costs, while 
their revenues are only extrinsic. The intrinsic costs are the cost related with the deployment 
of the BESS per se, which depend on the battery technology and its size(s) (power limits and 
storage capacity). Therefore, these intrinsic costs include the investment cost (applied when 
𝑡 = 0 in (Eq. 3.3)), the maintenance costs per year, the decommissioning and the disposal costs 
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at the end of the planning horizon (applied when 𝑡 = 𝑁 in (Eq. 3.3)) and/or at the moment of 
replacement of the battery device (if replaced during the planning horizon).  
The investment cost of the BESS is constituted by not only the battery device but also by 
the equipment interfacing it with the distribution network (e.g. PCS, step-up transformer, 
switchgear and protections), as well as deployment costs (e.g. shipping, installation and civil 
works costs). While the investment cost of the battery device, in unitary cost per energy unit 
(€/kWh), varies according to the battery technology in consideration, the costs of the 
interfacing equipment, in unitary cost per power unit (€/kW), or deployment costs (€/kWh) are 
considered proportional to the size of the BESS [47]. In reality, deployment costs depend of 
the footprint and volume of the BESS solution and, thus depend of the battery technology. 
Additionally, deployment costs vary with several factors such as the location of the deployment 
and physical conditions of the site, therefore being case-specific, which means that these costs 
are difficult to generically quantify. In the CBA, deployment costs result from a market survey 
of several commercially available technological solutions of BESS in [32].    
The battery degradation over time is regarded in the CBA analysis by including the costs of 
replacing the battery device once its EoL is reached. The worst-case scenario approach is 
followed, i.e., considering that the battery device is fully replaced at the initial cost. This 
approach offsets the need of understanding the nature of the degradation of the battery and 
which components would have to be replaced or refurbished. For example, in a Li-ion battery 
device, the degradation can be considerable homogeneous among the battery cells, meaning 
that the battery device would have to be fully replaced. However, in a Vanadium redox flow 
battery, refiling the electrolyte storage tanks while replacing the battery cells could be 
sufficient for the BESS to present its initial characteristics (thus, the total replacement of the 
battery device as defined in Section 2.2.1 would not be needed). Furthermore, at the end of 
the planning horizon, the BESS can still present significant usable storage capacity that can be 
utilised in an application that requires a smaller storage capacity. This means that the battery 
system can present a residual value at the end of the planning horizon. Nonetheless, as this 
value is difficult to quantify in virtue of the uncertainty of the battery costs evolution, of the 
integration standards and of the existence of an application for the remaining capacity of the 
BESS, this potential value is disregarded in the CBA.  
The extrinsic costs of BESSs as well as their extrinsic revenues are related with their activity 
during the planning horizon in what concerns the operation of the BESS, i.e., the periods in 
which the BESS charges or discharges, the pursued objectives and the underlying business 
model.  Therefore, these extrinsic costs and extrinsic revenues are case specific as, for 
example, the integration of BESSs in distribution networks depends of the perspective of this 
integration (e.g. DSO perspective, renewable promoter perspective) and depends of the nature 
of the distribution network, i.e., being part of an interconnected power system or constituting 
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an islanded power system. This means that these costs and these benefits are calculated during 
the operational stage of the BESS integration problem. 
3.4.6. Time-series analysis: Relevance and approach 
3.4.6.1. First-order semi-Markov Chain method: objective and implementation 
The developed methodology takes into account the simulation of the operation of the 
distribution network, including the BESS, as well as its evolution through time during the 
planning horizon (e.g. 15 years), in order to adequately quantify the benefits and costs of 
integrating the battery solution. In step <3> in Figure 3.1, the available historical time series 
of data (renewables and load profiles) are extended to match the duration of the planning 
analysis. The relevance of extending the time-series of data based on the statistical behaviour 
of the electric measurements of renewable production and electric demand consists of enabling 
the assessment of a wider range of renewables output versus electric demand scenarios. 
Therefore, the multitude of possibilities of renewables output and load leads to an added 
robustness of the outcomes of the BESS performance assessment in the distribution network. 
This results from the fact that the time-series analysis enables capturing a wider range of 
possible realisations of the BESS as its charging and discharging periods depend of the 
renewables generation, the electric demand as well as the electricity prices.  
For this purpose, the developed methodology implements a first-order semi-Markov Chain 
technique to generate synthetic renewables and electric load time series. Synthetic profiles 
are time series of data for representing the behaviour of a certain electric quantity, presenting 
similar statistical realisations as the historical data in which the synthetic profile is based. 
Markov Chain based methods have been also developed and implemented in works [129-131] 
with the same objective. Although the accuracy of these methods depend of the extension of 
the available data, the resulting synthetic profile reproduces the statistical properties of the 
underlying time series such as autocorrelation and percentiles. 
First-order semi-Markov chains are stochastic processes in which each subsequent state 
depends only of the immediately preceding state. The dependency of the consecutive states is 
given by the transition probabilities between discrete states, being estimated based on 
historical occurrences [130]. The conditional probabilities presented in (Eq. 3.5) are the 
transition probabilities of first order (𝑡 − 𝑠 = 1) from state 𝑖 to state 𝑗, considering 𝐾 possible 
discrete states. These conditional probabilities reflect the probability of the next state to occur 
when the current state is known. 
 𝑝{𝑋(𝑡) = 𝑗|𝑋(𝑠) = 𝑖} = 𝑃𝑖𝑗
𝑇𝑃𝑀(𝑠, 𝑡) ∀ 0 ≤ 𝑠 ≤ 𝑡, 1 ≤ 𝑖, 𝑗 ≤ 𝑘 (Eq. 3.5) 
where 𝑋(𝑡) is a stochastic process (e.g. renewables output) constituted by discrete states 𝑘 ∈
1,2, . . . , 𝐾. Therefore, the first-order probability transition matrix (𝑃𝑇𝑃𝑀) can be calculated as 
defined in (Eq. 3.6), where the probability of the process to be in this state at time t can be 
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estimated from the relative frequencies of the 𝑘 states. The number of considered states 
defines the size (𝑘 × 𝑘) of the transition matrix 𝑃𝑇𝑃𝑀. For example, if wind speed time-series 
are in study, 1 m/s wind speed states can be defined in order to achieve the 𝑃𝑇𝑃𝑀 as in [129, 
131], meaning that each wind speed state contains wind speeds between certain values within 
a range of 1 m/s. The resolution of the states in relation to the magnitude of the concerning 
measurement defines the accuracy of the method. Nonetheless, a narrower range for a state 
requires more data in order to avoid the existence of multiple states with zero probability of 
occurring.   
 
𝑃𝑇𝑃𝑀 = [
𝑝1,1 ⋯ 𝑝1,𝑘
⋮ ⋱ ⋮
𝑝𝑘,1 ⋯ 𝑝𝑘,𝑘
] (Eq. 3.6) 
The semi-Markov approach is justified by the need of not only characterizing the transition 
probability between consecutive states in a memoryless process, but also to deal with the 
characteristics of the electrical quantities being addressed in this method. For example, wind 
and PV generation typically present profiles that depend of the time of the day and, moreover, 
present monthly and seasonal characteristics. Additionally, electrical demand profiles also vary 
with the weekday (e.g. working days and weekend days). This means, for example, that a 
transition matrix can represent the probability of transition from one state to another state at 
a given time of the day, taking into account the type of day, the month and/or the season. 
Therefore, transition matrices can present multiple dimensions, reflecting the characteristics 
and the typical behaviour of the electrical measurement in study. However, this approach also 
requires an extended underlying time-series of data in order to provide statistically meaningful 
synthetic profiles, based on a representative sample, as there are more state transitions to 
construct a transition matrix. 
The state probabilities at time 𝑡 are estimated from their relative frequency of the 𝑘 states. 
The transition probabilities between two states vary between zero and one, being the sum of 
the transition probabilities in a row of the matrix 𝑃𝑇𝑃𝑀 equal to one. These relations are 
expressed mathematically in (Eq. 3.7). 
 
∑𝑝𝑖,𝑗
𝑗=1
=∑(
𝑛𝑖,𝑗
∑ 𝑛𝑖,𝑗𝑗
)
𝑗=1
= 1 
(Eq. 3.7) 
where 𝑛𝑖,𝑗 is the number of transitions from state 𝑖 to state 𝑗 in the time series of data. The 
property of the cumulative probability contributes to a systematic determination of the 
synthetic time series by utilising random number generation and the cumulative probability 
modification of the transition matrix  𝑃𝑇𝑃𝑀, in (Eq. 3.6).  
The procedure for generating the time series of states starts by defining the initial state 
equal to the average state (e.g. the average renewable production). Then, random values 
between 0 and 1 are generated based on a uniform distribution. This random number (𝑧𝑡) is 
compared with the elements of the row of the cumulative probability transition matrix 
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corresponding to the average state. If the random number value is greater than the cumulative 
probability of the previous state but lower than or equal to the cumulative probability of the 
following state, the following state is selected. The actual time series values are calculated 
based on these states, through (Eq. 3.8). 
 
𝑌(𝑡) = 𝑌𝑙𝑜𝑤𝑒𝑟(𝑧𝑡) + 𝑧𝑖𝑛𝑛𝑒𝑟 . [𝑌𝑢𝑝𝑝𝑒𝑟(𝑧𝑡) − 𝑌𝑙𝑜𝑤𝑒𝑟(𝑧𝑡)] (Eq. 3.8) 
where 𝑌(𝑡) is the actual value of the time series at time 𝑡; 𝑌𝑙𝑜𝑤𝑒𝑟(𝑧𝑡) and 𝑌𝑢𝑝𝑝𝑒𝑟(𝑧𝑡) are the 
lower and upper boundaries, respectively, of the state defined by the uniform random number 
𝑧𝑡; and 𝑧𝑖𝑛𝑛𝑒𝑟 is a uniform random number between 0 and 1. The synthetic profiles that can be 
generated through this technique have been shown to accurately maintain the frequencies of 
the states of the initial time series of data [130].  
In order to achieve an adequate quantification of the impacts of BESSs in distribution 
networks, the time-series analysis can require the assessment of time series of data in a sub-
hourly (e.g. 10-minutes, 30-minutes) or even minute-by-minute resolution. This granularity of 
the data may enable the planning framework to capture sub-hour fluctuations of renewable 
sources and electric demand, thus improving the technical and economic evaluation of the fast 
response of the BESS. Also, this approach allows a more accurate quantification of the cycle 
life of the BESS. Therefore, for the intra-hour characterization of the behaviour of the 
electrical quantities, the approach is to randomly select an historical profile of the transition 
between two hourly states generated by the semi-Markov chain method. Then, this profile is 
imposed to the generated time series, increasing the resolution of data based on the probability 
of occurrence of such intra-hour transition. 
3.4.6.2. The Exponential Weighted Moving Average method: objective and implementation 
The simulation of the integration of BESSs in the distribution network depends not only on 
the availability of historical measurements of renewables inputs (e.g. wind speed, radiation) 
or outputs (wind or PV power) but, moreover, requires forecasts of these values in order to 
take into consideration their inherent characteristics. For example, in the day-ahead planning 
of operation, renewables production and electric demand during the following day are not 
known. Thus, the assessment of how the uncertainties and the limited predictability of these 
electrical measurements influence the operation of the distribution network including the 
BESS, is relevant for the technical and economic impacts quantification. 
In order to emulate typical errors in the forecasts of renewables and electric demand, as 
well as their dependencies between successive periods, an Exponential Weighted Moving 
Average (EWMA) method of seventh order [132] is applied according to (Eq. 3.9). In this case, 
the available profiles of the renewable sources and electric demand are assumed to represent 
their actual realisations and, thus, are regarded as the perfect forecasts of these electrical 
quantities. Consequently, forecasting errors are imposed to the time-series of electrical data, 
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being the forecast value for a certain period the weighted sum of the actual time series in the 
same period and the preceding periods that correspondent to the order of the EWMA method. 
 
?̂?(𝑡) = 𝜎. 𝑌(𝑡) + 𝜎[1 − 𝜎]1. 𝑌(𝑡 − 1) +⋯+ 𝜎[1 − 𝜎]7. 𝑌(𝑡 − 7) (Eq. 3.9) 
where ?̂?(𝑡) is the forecast value for electrical quantity 𝑌(𝑡) in period 𝑡, and 𝜎 is the weighting 
factor (0 ≤ 𝜎 ≤ 1). For 𝜎 = 1, the forecast value for the electrical quantity is equal to the 
actual value and, thus, the forecast is perfect. For different values of the weighting factor 
(e.g. steps of 5%) the forecast error can be calculated. The forecast error is defined as the 
Root Mean Square Error (RMSE) between the forecasted time series and the actual time series. 
It is calculated as formulated in (Eq. 3.10). 
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𝑇
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  (Eq. 3.10) 
where 𝑌𝑟𝑎𝑡𝑒𝑑 is the rated value of electrical quantity 𝑌(𝑡), and 𝑇 is the size of the time series. 
The relation between the weighting factor and the forecast error enables the definition of a 
lookup table where the selection of a specific forecast error to be imposed to the time series 
is performed. This lookup table needs to be calculated utilising the complete time series of 
data in order to achieve the most accurate value between the different weighting factor and 
their correspondent forecast error. However, such approach does not mean that the forecast 
error presents in all periods a fixed forecast error. In fact, in certain periods the forecast error 
deviates from the expected forecast error (chosen from the lookup table). This results from 
the fact that the lookup table is calculated based on all available time series of data. 
The forecast error increases with the forecast horizon [133]. Thus, in the developed 
methodology, the forecast error is assumed to increase proportionally between the beginning 
and the end of the forecast horizon, being the magnitude of the error dependent of the nature 
of the concerning electrical quantity. For example, for the same forecast horizon, renewable 
generation typically presents larger forecasting errors than electric demand, and the 
application of the EWMA method reflects this characteristic. 
3.5. Final remarks 
The problem of the integration of BESSs in distribution networks is segmented in the 
planning problem and the operation problem. In this chapter, the planning problem of battery 
storage is discussed and a novel planning methodology for BESSs is proposed for the optimal 
integration of BESSs in distributions networks of islanded power systems, as well as 
interconnected power systems (in Section 3.4). This planning methodology addresses some of 
the identified research challenges in the throughout literature review performed (in Section 
3.2 and Section 3.3). 
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The planning of battery storage in distribution networks is a sub-problem of the planning of 
DER in distribution networks, defined as finding the optimal location, the battery technology 
or combination of technologies, and the BESS size to achieve different objectives. Due to the 
complexity of the problem, it has been addressed through central approaches and distributed 
approaches (see Section 3.2.2), with different goals and including several constraints (see 
Section 3.2.3), based on single-objective and multi-objective techniques (see Section 3.2.4). 
Moreover, the problem has been addressed with several models, different in complexity, for 
representing the operational stage of BESSs in distribution networks (see Section 3.2.5). 
Therefore, a planning framework for battery storage in distribution networks needs to regard 
multiple aspects related to the perspectives of different stakeholders, the characterization of 
the distribution network and the model of the BESS itself. In effect, specific characteristics of 
BESSs such as their additional controllability when compared to other DER, as well as their 
performance through time need to be taken into consideration when planning their technical 
and economic driven integration.  
A review of the representative optimisation methods applied to the planning problem of 
battery storage is presented in this chapter. The solution for this kind of problem is typically 
proposed based on mathematical optimisation methods (see Section 3.3.1) or heuristic 
optimisation methods (see Section 3.3.2). The implementation of these techniques typically 
depends of the perspective on the planning problem, the objectives pursued and, also, the 
modelling of the problem, particularly the extent to which the operation stage of the problem 
is detailed. However, independently of the implemented algorithm, the complexity of the 
optimisation problem implies the simplification of the real problem through assumptions 
regarding, for instance, the behaviour of the battery system (e.g. effects of operating 
conditions) and the model of the distribution network (e.g. single busbar approach). In fact, 
between the detail of the planning problem and the accuracy of the optimisation method to 
be implemented, a trade-off exists, meaning that a planning methodology for BESSs needs to 
regard, with a certain compromise, both aspects. 
The scope and structure of the developed planning methodology is described in detail in 
this chapter in Section 3.4. This tool can be categorized as a single-objective distributed 
planning tool that can handle multiple operational objectives and constraints, as the model of 
the operational stage is independent from the planning stage. Consequently, this dissociation 
allows not only a more detailed model of the operational stage but, moreover, allows 
implementing the developed planning methodology for addressing different types of problems 
such as the ones existing in distribution networks of islanded power systems and interconnected 
power systems.  Summarily, the developed methodology for BESSs planning consists of several 
methodological steps that allow a detailed model of the planning problem (e.g. distribution 
network characteristics and evolution through time, different battery technologies, operating 
strategy and business model). This is performed in order to systematically assess the impact of 
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integrating battery storage in a distribution network, and determine the optimal solution, i.e., 
the most cost-effective BESS (where economic benefits also result from the monetization of 
technical benefits). This tool can also be straightforwardly adjusted to consider hybrid battery 
storage solutions in the planning problem. Therefore, for a given problem, the developed 
planning tool calculates the optimal location, battery technology and its size based on an 
extensive assessment of its technical and economic impacts. Such impacts are measured 
through a time-series analysis in which electric demand profiles and renewable generation 
profiles of existing consumers and renewable sources are extended for the considered planning 
horizon (in Section 3.4.6).  
 
  
 
Chapter 4  
Multifunctional battery storage in the 
operation of distribution networks 
4.1. Overview 
The definition of the operation problem of distribution networks in interconnected power 
systems depends of the perspective of the different stakeholders such as the Distribution 
System Operator (DSO), prosumers, Distributed Generation (DG) promoters or independent 
storage operators. In the perspective of the DSO, the operation of a distribution network 
consists of managing and controlling active elements of the grid such as On-Load Tap Changer 
(OLTC) transformers, capacitor banks, and DG in order to feed the electric demand considering 
operational constraints (e.g. voltage and current), and the regulatory requirements for 
reliability. The integration of a BESS in the operation of a distribution network aims at selecting 
the most suitable periods for charging the battery system and the most suitable periods for 
discharging the battery system, i.e., determining the optimal scheduling of the BESS. 
Additionally, the operation problem regards the definition of the optimal reactive power 
exchange between the BESS and the distribution network. This is performed in order to 
technically and economically improve the operation of the distribution network considering the 
operational objectives of the DSO, i.e., in the perspective of the stakeholder integrating the 
battery system. This means that optimisation methods concerning the operation of BESSs in the 
perspective of the DSO, need to model to a certain extent of detail, the topology, the 
characteristics and the behaviour of the distribution network.  
Nonetheless, the scope of the integration of BESSs in the perspective of other stakeholders, 
such as prosumers and DG promoters, in what concerns the representation of the distribution 
network to which they are connected, is more limited. In fact, the modelling of the BESS and 
the system in which it is integrated (e.g. a renewable plant, an industrial prosumer) is typically 
focused on these systems in a self-contained approach, i.e., disregarding their impacts in the 
operation of the distribution network to which they are connected to. Therefore, the 
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integration of BESSs in the operation of distribution networks in the perspective of these 
stakeholders is focused on scheduling battery storage in order to fulfil local stakeholder-
intrinsic objectives. 
The multifunctional character of battery storage poses additional challenges to their 
integration in distribution networks in virtue of the functionalities of BESSs that can be related 
to the activity of different stakeholders. Therefore, exploring the multifunctional potential of 
battery storage means the provision of services, which can be market and regulated services, 
not only to the owner of the BESS (e.g. the DSO, renewable promoters) but, also, to other 
stakeholders of the distribution network. At the operational level, the diverse nature of such 
services demands different modelling approaches. Primarily, the modelling of this 
multifunctional approach to the operation problem needs to regard the different objectives 
and constraints to the operation of BESSs, taking into account the different stakeholders’ 
perspectives. Additionally, it is essential to represent the behaviour of the distribution network 
considering the presence of renewable sources and limited flexibility resources such as OLTC 
transformers and/or capacitor banks. Nonetheless, considering the provision of multiple 
services by BESSs within a distribution network, enables an adequate integration of these 
solutions by capturing their potential technical and economic impacts. 
The purpose of this chapter is to present the developed method for coordinated operation 
of BESSs in distribution networks of interconnected and liberalized power systems. The 
developed operational method considers that energy storage resources can contribute to their 
owners’ inherent activities, as well as to a more flexible and efficient distribution network 
operation. The optimisation tool, based on Mixed-Integer Linear Programing (MILP), has the 
objective of maximising the technical and economic value of battery storage taking into 
account their multifunctional potential and the presence of intermittent renewable sources. 
This operational method is supported by a functional architecture, constituted by local (i.e., 
the BESS or the BESS and a renewable source and a consumer with the same Point of Common 
Coupling) and functional components with knowledge of the characteristics and behaviour of 
the distribution network, reflecting the proposed integration approach for battery storage in 
the operation of distribution networks. The contributions of the developed method are made 
evident through a detailed literature review of state-of-the-art approaches that include the 
different distribution network stakeholders’ perspectives on BESSs, as well as advanced 
operation and control methods for battery storage. This review also highlights the need for 
coordination of BESSs existing in a common distribution network. 
4.2. Battery storage operation in distribution networks 
The diversity of services that BESSs may provide and the different stakeholders that may be 
involved have lead researchers to develop operation algorithms and optimisation techniques, 
which could encompass regulated and/or market-driven activities of BESSs under different 
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scenarios of battery systems ownership. Figure 4.1 summarizes the stakeholders’ perspectives 
and the operation strategy focus advanced in state-of-the-art operation tools. 
 
 
Figure 4.1. Perspectives and operation strategy focus of state-of-the-art operation tools 
4.2.1. Perspective of the DSO on battery storage operation 
The perspective of the DSO operating BESSs presents several variations according to 
different authors, particularly if a smart grid scenario is adopted. The DSO is regarded as a 
Smart Grid Operator in [26, 134] where multiple devices are owned and operated by this 
stakeholder. In a later work by the same authors, in  [135], the Smart Grid Operator also plays 
the role of an aggregator. Nevertheless, in this later work, the DSO is expected to handle, in 
an optimal technical and economic way, the consumption and the production scheduling bids 
from distribution network players such as consumers, DG promoters and prosumers owning or 
responsible for the commercial operation of battery systems. Nonetheless, the perspective of 
the DSO on BESSs operation is mainly focused on its participation on electricity markets (for 
example, spot market and regulation market) [136]; on optimising the electric load profile (for 
example, peak shaving or minimising reactive power needed from the transmission network) 
[97];on the DG production profile (for example, minimising DG curtailment) [137]; or on 
optimising distribution network power flows with the most common objective being losses 
minimisation while maintaining voltages and currents within operational limits [120, 134]. 
In the perspective of the DSO performing regulated activities, power flows in distribution 
networks may need to be calculated in order to technically understand the impact of BESSs. 
While some authors implement techniques to optimise the power flow itself such as in [120, 
134], others such as in [28, 97, 138] only use power flows and often linearized power flows to 
analyse the impact of battery storage in distribution networks. The divergence of approaches 
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is related to the services that are expected to be provided by BESSs. When participating in 
electricity markets, the schedule of BESSs is settled according to the electricity prices 
variability and, therefore, the power flow analysis is only performed to ensure voltage and 
thermal limits. Nonetheless, optimal power flow techniques are commonly applied when line 
loss minimisation is a direct objective. Otherwise, the impacts on line loss of BESSs are only 
assessed after the scheduling calculation for the BESSs. 
The developed optimal power flow algorithms, that encompass BESSs, present difficulties 
in dealing with other means of flexibility of distribution networks such as capacitor banks or 
OLTC transformers, since the coordination between flexibility resources is disregarded. This 
means that, on one hand, BESSs may be overused to deal with network constraints such as 
voltage limits while possibly not representing the most suitable network asset to handle such 
constraints. On the other hand, by not considering other means of flexibility, the assessment 
of BESSs performance in distribution networks may not be fully achieved, as the effect of the 
scheduling of BESSs on other network assets is disregarded.  For example, the charging or the 
discharging of a BESS influences voltage profiles, which may trigger the action of the OLTC 
transformer in the primary substation, causing further stress to that network asset. 
In [26], the interaction of BESSs and capacitor banks in distribution networks is studied 
albeit not through an optimal power flow technique. In this work, the operational objective is 
to minimise the reactive power requirements from the transmission system. Nonetheless, it 
provides insights on how two different means of flexibility may be operated and coordinated 
in an optimal way. The possible impact of BESSs in OLTC transformers operation and a method 
to optimally coordinate them is proposed in [139]. The approach aims at scheduling an energy 
storage device to minimise tap changes of OLTC transformers and, consequently, smooth its 
operation and possibility extend their useful life. However, this work considers only a BESS 
located at the primary substation of the distribution network, and aiming specifically at 
minimising OLTC transformer actions. It does not explore how the proposed coordination may 
be achieved if the BESS is deployed at a different location of the distribution network, nor it 
considers the possibility of several storage devices being available on the distribution network. 
Furthermore, BESSs can provide different services such as voltage regulation and reduction 
of reactive power dependency from the transmission network taking advantage of the 
capability of injecting or absorbing reactive power by the Power Conversion System (PCS). 
Nonetheless, the added value that the reactive power capability of BESSs may provide depends 
on the nature of the services they are expected to provide. For example, the availability for 
reactive power markets is reduced as most of electricity markets do not consider the provision 
of reactive power as a competitive activity but rather a regulated one, particularly due to the 
local character of reactive power [140]. Moreover, distribution networks present a higher ratio 
between resistance and reactance (R/X) of lines and cables than transmission networks, which 
may offset the value of the reactive power capability of BESSs since distribution networks 
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present lower sensibility to the injection/absorption of reactive power. Although this is 
particularly correct for Low Voltage (LV) distribution networks, Medium Voltage (MV) 
distribution networks usually present a R/X ratio closer to 1, which means that the network 
sensitivity to active and reactive power injection is approximately similar [9]. Therefore, 
considering the reactive power capability when optimally defining the operation strategy, may 
allow BESSs to provide services with limited impact on its State of Charge (SoC). Studies in 
[120, 134] have included the reactive power capability of BESSs, and the optimisation of the 
power flow in the studied distribution network resulted in a predominant use of reactive power 
to perform voltage regulation in MV distribution networks. 
Other potential applications to be performed by BESSs for the DSO have also been explored. 
Rather than a detailed model of the distribution network, these works focus on the provision 
of services to the DSO considering only the availability of measurements at the Point of Common 
Coupling (PCC) of the BESS and the distribution network. Such approaches allow the integration 
of BESSs to focus on different methods for the calculation of the charging and the discharging 
of BESSs, as well as the time scales of these methods. This means that a more simplified model 
of the distribution network allows considering near real time processes for the scheduling of 
BESSs, although this scheduling is only locally optimised. Authors in [141] regard the possibility 
of controlling a BESS to provide several services to the DSO such as PV ramp rate control, power 
factor correction and frequency response (for the Transmission System Operator). In this work, 
it is assumed that the BESS in parallel with a PV generator is controlled by the DSO and, 
therefore, the BESS may not only be used to smooth the variability of the PV source but, 
moreover, to provide services to the distribution network. This work also employs different 
control methods according to the service provided: a heuristic control method is implemented 
regarding PV ramp rate control, and a droop control is implemented regarding frequency 
response and power factor correction. Droop control is a proportional control with a certain 
gain, i.e., a change in the control variable triggers a proportional response from the system. In 
the case of a BESS controller with droop control regarding frequency response, a variation of 
frequency across a certain threshold (to avoid the response of the BESS to small variations) 
leads the BESS to charge or discharge proportionally to the severity of the variations. In [141] 
the BESS is expected to provide a variable response up to full power when frequency changes 
5% from its nominal value. The same method is implemented to correct the power factor at 
the PCC as the injection or absorption of reactive power from the BESS is proportional to the 
combined active power output of the BESS and the PV source. 
Battery systems may be utilised to maintain a constant voltage magnitude at its point of 
coupling with the distribution network, thus providing voltage control to the DSO. In this case 
a droop control may be ineffective as it dictates that the BESS responds only to variations of 
the voltage measurement and, therefore, in [142] voltage control is achieved through a 
controller based on a Proportional-Integral (PI) control method that controls the voltage error. 
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This work developed a controlling method that maintains a certain voltage level at the PCC by 
adequately manipulating the active and reactive power injection capability of the BESS, 
adjusting its ratio according to the voltage sensitivity. However, the implemented control 
method loses effectiveness on heavy loaded distribution networks as the formulation used to 
calculate the effect  of the injection of active and reactive power on voltage may be only valid 
to lightly load distribution networks [9]. Droop and PI control methods are often viewed as 
simple, reliable, easy to understand, and that may have their stability mathematically proven. 
Nonetheless, in order to achieve high performance, controllers based on these control methods 
need to be properly tuned (e.g. scaling gains) which is usually achieved through heuristic 
methods (e.g. Zeigler-Nichols tuning rules) [143]. Additionally, the lack of observability and 
awareness of the distribution network, limit the potential technical and economic benefits of 
BESSs for the DSO. 
4.2.2. Operation approach of independent storage operators  
The objective of the integration of BESSs by consumers or prosumers is often only related 
with the economic improvement of their owner’s electrical resources. Therefore, the focus is 
on the adequate operation of the BESS in order to reduce the electrical demand in peak price 
periods, considering the existence of a renewable source (typically a PV source) in the case of 
prosumers. For example, in [82] a BESS is owned by a MV industrial consumer that aims at 
minimising the electric bill by reducing the peak consumption. This is justified by the fact that, 
in many countries such as Portugal, during peak load periods the tariff of electricity is not only 
dependent of the energy consumed but, also, on the peak power required from the distribution 
network. This approach is enhanced in [144] where an  industrial prosumer owning a BESS aims 
at optimally dispatching a PV source coupled with the BESS in order to, not only reduce peak 
demand, but also to minimise the total energy demand from the distribution network. One 
important conclusion of this study is that the minimisation of the electric bill from the 
coordination of the PV plant and the BESS may only be achieved in an economically efficient 
way, if the peak consumption of the customer matches the period of peak pricing of the 
distribution network. The proposed method is further developed in [145] where a battery 
storage dispatch strategy is presented. The objective is the optimisation of demand charge 
reduction (i.e., the cost of electricity consumption) of a prosumer with PV generation, being 
the operation problem formulated as a linear programming algorithm. The BESS is utilised to 
counteract forecast errors of the combination of the load and the PV generation in order to 
achieve a day-ahead calculated peak load demand target. This work concludes that the BESS is 
more effective in days with a higher diurnal peak of shorter duration. 
Instead of focusing the integration of BESSs in the perspective of the consumers or 
prosumers, the operation problem can be addressed in the perspective of an independent 
storage operator which can present similar operational strategy focuses as the DSO or other 
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liberalized stakeholders, depending on the regulated and market-driven services to be 
provided. This is typically performed in virtue of the unclear regulatory framework for the DSO 
to integrate storage systems. Therefore, a stakeholder such as the independent storage 
operator may surpass the regulatory hurdles, performing services that may be procured by the 
DSO. This means that the independent storage operator can participate and be remunerated 
for regulated activities, while also focusing in other services such as the participation on 
electricity markets, therefore participating in market-driven activities. Nonetheless, the focus 
on the perspective of the independent storage operator is often related with the operation of 
one or multiple BESSs, disregarding the operation of other resources in the distribution 
network. Although the potential participation on electricity markets of consumers and 
prosumers owning BESSs is unclear within the regulatory framework, in [146] authors present 
an operation tool to maximise the revenues/ minimise the costs of a BESS from participating in 
multiple markets such as day-ahead spot, ancillary services markets including the regulation 
and the spinning reserve market. In this work, a scheduling tool for a BESS (Vanadium redox 
battery system) is proposed where the bids for the participation on the different markets are 
considered to be always accepted and made effective. This means that if the bid for the 
provision of spinning reserve is accepted than the battery system will be requested for the 
provision of the bided magnitude and duration of the reserve. In spite of modelling in detail 
such electricity markets, this operation tool is limited in what concerns the modelling of 
uncertainty. This uncertainty is not only related with the clearing prices (the price resulting 
from the supply and demand bids) of such electricity markets, but mainly with the uncertainty 
related with the participation on ancillary services markets. This occurs as the requests in 
magnitude and time for the provision of power and energy by the participants depend of the 
actual electrical conditions of the power system and/or the control area of the concerning 
market. 
4.2.3. Perspective of DG promoters for battery storage 
In the perspective of DG promoters, and mainly renewable sources promoters, the focus of 
BESSs operation is not to optimise the distribution network but, instead, to maximise the energy 
production revenues, or to optimise the production profile of distributed renewable sources 
and, thus, allowing them to participate in electricity markets. Therefore, the scope of the 
operation problem in this case is limited to the PCC, where voltage or current limits violation 
may result on DG production curtailment. In the literature, several operational techniques are 
considered, from the planning of operation to real time control, which have been implemented 
to address the operation problem in the perspective of the renewable source promoter. Such 
operational methods consist, mainly, of heuristic and linear methods. Simple rule control, fuzzy 
control and Artificial Neural Networks (ANN) control are included in the heuristic class of 
operational methods and have been widely applied to the operation problem of BESSs coupled 
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with renewable sources. Linear control methods such as droop control, PI control and Model 
Predictive Control (MPC) have also been implemented to address similar challenges.  
Furthermore, within each method, even when aiming at providing of the same range of 
services, different techniques are available and have been applied, based on different 
specifications, different input parameters and different control options. While some authors 
demonstrate the effectiveness of the developed control methods for BESS to provide single 
services or a range of services, others implement different control methods and compare the 
effectiveness of each one, highlighting the most adequate to fulfil the selected objectives. 
There is not a method that is widely recognized as performing better than others since the 
performance of those methods depend on the stakeholders’ perspective, and on the kind of 
services that the BESS is expected to perform. For example, a linear control method may be 
more effective to perform voltage regulation in a distribution network, while a heuristic control 
tool may be more effective when applied to smooth the intermittency of a renewable source. 
Authors in [147] present an operation strategy for BESSs coupled with wind parks, with the 
objective of maintaining a constant power factor and time-shift the energy from the renewable 
source according to day-ahead market prices. It is assumed that RES are remunerated according 
to market prices and, therefore, BESSs may provide economic added value by transferring 
energy from the valley electricity prices (when a significant portion of energy is produced by 
wind parks) to peak price periods. However, smoothing the variability of renewable generation 
is not tackled as in [148], where the operation strategy of a BESS coupled with a wind park is 
optimised in order to find the optimal charging, discharging and curtailment actions to ensure 
the lowest step by step variability of the renewable source. Despite specifically addressing the 
variability and intermittency of renewable sources and providing technical insights on how 
battery storage may firm the production of these sources, authors in [148] do not clarify how 
these services influence the operation of the distribution network and how this operation 
strategy can be economically viable. 
Furthermore, the participation of DG in electricity markets is still reduced in many parts of 
the world as their remuneration is mostly based on feed-in tariffs that may or may not have 
relation with electricity market prices, meaning that the added value of battery storage in such 
scenario may be diminished [5, 149]. However, in some countries such as Denmark, renewable 
sources, even if connected at the distribution level, are already remunerated according to 
market prices and may incur in penalties if their production does not follow the forecasted 
production. Therefore, operation tools for hybrid systems, i.e., a BESS coupled with a 
renewable source, have been developed to reduce RES production deviations from the 
forecasted RES production, allowing them an adequate electricity markets participation. 
  Studies in [119] and [89] implement different operating strategies for BESSs to minimise 
the renewable production forecast error and, thus, limiting the incurring penalties of 
renewable sources participating in electricity markets. The former work presents an algorithm 
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that, although not representing an optimisation process, takes advantage of the existence of a 
BESS along with a forecast tool to establish a set of rules to perform charging and discharging 
of the BESS, thus minimising the forecast error. The forecast is used to calculate a power 
threshold that triggers the charging or the discharging of the BESS which is performed in each 
period of analysis (e.g. hourly), based on a quadratic interpolation of a moving average of 
previous real production of the renewable source (in this case, wind). The result of this 
approach is a smoothed wind production profile. The work in [89] that is based on a previous 
research in [117] focus not only on minimising the production forecast error but, moreover, 
optimises day-ahead electricity market bids according to the forecast itself, and to the 
characteristics of the energy storage device. The study analyses the performance of BESSs in 
minimising the forecast error considering different forecast horizons (e.g. 24 hours, 12 hours 
or 6 hours), consequently, maximising the value in electricity markets of the energy produced 
by renewable sources (in this case, wind and PV). 
MPC based methods have been extensively investigated for being applied to the operation 
of hybrid systems. MPC control methods are a class of control strategies that make an explicit 
use of a model of the process (e.g. BESS coupled with wind generator) to predict the process 
output at future instants (control horizon). Then, these methods calculate a control sequence 
minimising an objective function and apply a receding strategy, i.e., at each instant the horizon 
is displaced towards the future, which means that only the first control action is effectively 
applied by the controller [150]. Despite presenting advantages over other methods such as the 
possibility to adequately handle constraints and to rely on an objective function optimisation 
process, the control law that results from the application of this operational method may be 
more complex to derive than for droop and PI controllers. Moreover, similarly to other linear 
methods, an appropriate model of the process needs to be available, which means that the 
effectiveness of the controller depends on the discrepancies between the real process and the 
process model [150]. 
The fact that a prediction horizon may be included in a controller based on MPC methods, 
means that wind forecasts must be included in the model of the problem, in order to optimise 
the response of BESSs to accommodate variable renewable sources. This represents the main 
reason for the application of MPC control methods for wind applications as in [151], where a 
MPC method is developed in order to reduce impacts of wind power fluctuations by utilising a 
BESS. Similarly, in [152] this kind of approach to the problem is demonstrated to be as 
effective, ensuring that wind generation follows, with a reduced error margin, its forecasted 
value. The work in [152] provides a comparison of MPC strategies against a heuristic control 
method (e.g. simple rule control) with results demonstrating that a MPC strategy may present 
higher performance, particularly when the BESS size is more constrained. Nonetheless, results 
also show that with larger battery system’s sizes (which may not be available due to economic 
reasons) the performance of heuristic methods and MPC are similar both in terms of the extra 
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revenues that they may provide to renewable sources promoters, as well as in terms of avoided 
annual renewable curtailment. 
Heuristic control methods are rule-based techniques that rely on heuristic information that 
may be provided or learnt à priori [143].  These methods take advantage of existing knowledge 
about the process at stake, providing a formal representation and implementation of ideas on 
how to achieve high performance control. Regardless of the available heuristic information, 
the rules that define the control may be learnt and trained in order to optimise the control 
behaviour (e.g. when applying ANN control) [108]. Nonetheless, high performance may not be 
achieved by heuristic control methods if the heuristic information is not sufficient or the 
control is not adequately trained to encompass improbable events. Moreover, the stability of 
these methods may be, depending on the problem, difficult to mathematically prove [143]. 
Simple rule control as well as other heuristic control methods, such as fuzzy control and 
ANN control, have been developed and implemented to address the operation problem in the 
perspective of a DG promoter with two main purposes: smoothing the variability of renewable 
sources (i.e., defining maximum variations between consecutive time steps) and firming the 
generation of such sources (i.e., utilising BESSs to allow renewable sources to become 
dispatchable either by establishing a certain production pattern that the BESS and renewable 
source must follow, or by ensuring that renewable sources follow the forecasted production). 
Despite the fact that these objectives are concurrent, the power and energy requirements for 
BESSs to perform any of these functionalities may be significantly different depending of the 
operation strategy that is implemented. Simple rule control represents controlling techniques 
that are based on heuristic information that allows the establishment of a rule or set of rules 
that guide the control. These deterministic rules model exactly the expected behaviour from 
the controller, and have been implemented when defining the adequate response of the BESS 
to changes in its electrical environment. One example of a simple rule control is the definition 
that, if a wind park production exceeds a certain level, then the battery system must charge 
in order to maintain the combined output below the specified level. The main drawback of the 
simple rule control approach is that, due to the limited energy capacity of BESSs, strictly 
following the defined rule or set of rules may lead BESSs to underperform. This results from 
the fact that the current action for the BESS to perform is not only constrained by previous 
actions, but also limits future required charging or discharging actions.  
This problem has been addressed in [153] where the defined set of rules depend of the State 
of Charge (SoC) of the BESS and, consequently, two control strategies were developed: one 
under normal SoC conditions (SoC = [10%, 90%]), and the other under extreme SoC conditions 
(SOC < 10% v SOC > 90%). This work aims at smoothing the fluctuations of PV and wind power 
generation through an adequate control strategy of a BESS (e.g. Li-ion based storage system). 
It concludes that, with the implemented control strategy, the variability of RES may be 
smoothed even under extreme SoC conditions. The novelty of this study resides on the proposed 
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rule-based method that also intends to adequately allocate the level of response of several 
modules of the battery system that may present different SoC levels and different power and 
energy capacities. This means that the advanced method calculates the total response required 
from the BESS in terms of power and distributes the total required power among the available 
battery modules according to their power and energy characteristics and current SoC. 
The development and demonstration through field experiments of an operational method 
for BESSs based on simple rule control on a 34 MW, 245 MWh sodium-sulphur (NaS) battery 
system to tackle the variability of a 51 MW wind park has been presented in [59]. In this case, 
two operational objectives are separately implemented for the BESS: wind generation 
fluctuations reduction and constant output control. The former aims at utilising the BESS to 
reduce the difference between the maximum and the minimum values of a one-minute moving 
power output average for every 20 minutes to within 20% of the wind generation capacity.  The 
latter aims at operating the battery system in order to ensure that the combined output power 
of the wind park and the BESS is, on an hourly basis, constant. Additionally, the objective is 
also ensuring that the combined output copes with the planned output value that must be 
reported to the electric utility 24 hours in advance. Although the rules for operating the BESS 
are straightforward, since the charging or discharging processes of the battery are triggered as 
soon as the previously described constraints are violated, these rules are independent from the 
SoC of the BESS, in opposition to the approach in [153]. This work demonstrates that the 
operation of the hybrid system may be achieved by the coordination of the operation of the 
BESS with the wind turbines control as well as wind forecasting methods. The controlling option 
of adjusting the pitch angle of wind turbine blades in order to compensate deviations in the 
power output, in virtue of insufficient storage capacity, is included in the wind park control. 
Nevertheless, this operational option is regarded as a last resource since it implies wind 
generation curtailment. Moreover, the definition of the hourly constant power output is based 
not only on wind speed forecasts but, also, on the SoC of the BESS. The combination of the 
mentioned control options allows high performance from the system, leveraging the power and 
energy capacity of the battery system (smaller in relation to the wind park capacity), and 
improving the simple rule control implemented for the operation of the BESS. 
A simple rule based operational method for BESSs with the objective of ensuring constant 
production of a PV park is implemented in [154]. The goal of the developed algorithm is to 
provide constant PV production during different periods throughout the day, i.e., different 
production patterns may be achieved by the hybrid plant. Therefore, the generation profile 
may be constant, predictable and controlled in such a way that allows PV parks to participate 
in electricity markets. The techniques to define the next-day production pattern of the hybrid 
system incorporate forecasted solar radiation for the next day that contributes to adequately 
set the peak production of the next-day production pattern. Moreover, a reference SoC of 50% 
is defined with the target of avoiding the saturation of the BESS. However, the simple rule 
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method does not take into account the charging and discharging losses as well as the energy 
consumed from the network during night periods to adjust the SoC. 
Fuzzy control provides a formal methodology for representing, manipulating and 
implementing heuristic information about how to control a system. A fuzzy controller may be 
regarded as an artificial decision maker that operates in a closed-loop system in real time and 
that gathers system output data, compares it to the input measures and decides the system 
operation procedure that ensures that the performance objectives are met [143]. A fuzzy 
controller has been developed and implemented on a flywheel energy storage system to cope 
with wind fluctuations in a study in [155]. Rather than explicitly covering the wind fluctuations 
as with the simple rule control, the fuzzy controller commands the flywheel system to charge 
or discharge according to the magnitude of the fluctuation and the SoC of the storage system. 
Therefore, a more adequate use of the battery system may be achieved as the controller not 
only regards the objective to be pursued but also the limitations of the energy storage resource. 
A comparison of heuristic methods for operating BESSs with the goal of reducing wind power 
forecast errors is presented in [108]. In the analysis, ANN control methods are proposed in front 
of simple rule and fuzzy control methods as the authors demonstrate that ANN methods may 
provide more predictability to wind parks. Moreover, it is shown that ANN methods can reduce 
the integration costs of renewable sources associated with reserve requirements. This work 
shows that similar results may only be achieved by the other heuristic methods with a larger 
energy storage capacity. This means that ANN control methods may maximise the performance 
of BESSs with smaller power and energy capacity. The differentiating aspect of ANN control is 
that the rules that model the control behaviour may be learnt and trained in order to optimise 
a given fitness function and, consequently, the response of the controller presents an 
underlying optimisation process. Nonetheless, these control methods need to be adequately 
trained in order to set proper weighting factors and enable a high performance of the system. 
In [108] two ANN methods are trained through a genetic algorithm that aims at minimising the 
penalties for deviations from the forecasted production of the hybrid system. The first method 
does not take into consideration the SoC of the battery system while the second, by considering 
the SoC of the BESS, provides higher performance. This means that ANN training methods need 
to be adequate while including the key parameters of battery storage. 
4.3. Operational integration approach proposal for BESS 
The integration of battery storage, along with the present and future accommodation of 
variable renewable sources, challenge the traditional operation paradigm of distribution 
networks, requiring an active network management [31]. Battery storage participating in the 
active network management presents an opportunity for an adequate integration of these 
systems in the operation of distribution networks. This section presents the developed 
functional architecture that aims at enabling the integration of BESSs in the control hierarchy 
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of distribution networks while potentiating the local, systemic and market benefits of battery 
storage. This is achieved by considering a coordinated approach for the integration of 
multifunctional battery systems in the operation of distribution networks. The developed 
functional architecture supports the implementation of the operational algorithm presented in 
Section 4.4. 
4.3.1. The need for coordinating multifunctional battery systems 
State-of-the-art operational tools for battery systems in distribution networks, as described 
in Section 4.2, often follow one of two approaches regarding the operation problem of the 
integration of these technological solutions. The first approach focuses on a decentralized 
operation of BESSs where the local operation of a BESS (i.e., considering only the electrical 
environment up to the point of connection with the distribution network) as well as its technical 
and economic impacts are only regarded at the local level. This is performed not considering 
the operation of the distribution network (which also influences local network conditions such 
as voltage levels) neither considering the impacts that the local operation of a BESS presents 
at the distribution network level. On one hand, the optimal operational strategy for BESSs at 
the local level. Moreover, an accurate quantification of the benefits of their integration in the 
perspective of the stakeholder deploying the battery solution can be achieved as well. On the 
other hand, the actual contribution of BESSs for a more cost-effective operation of the 
distribution network is not quantified and, moreover, it is not optimised by taking advantage 
of the multifunctional character of battery storage. In opposition, the second approach focuses 
on a centralized operation of BESSs, where their potential added value at the local level 
through the provision of services to different stakeholders of the distribution network is not 
considered. Nonetheless, these approaches typically reflect the perspective of the stakeholder 
integrating battery storage (although a decentralized operation of BESSs has been proposed for 
the DSO, as described in Section 4.2.1). 
Therefore, the operational integration approach for battery storage needs to regard three 
key integration challenges: 
 The existence of renewable sources and other resources of the distribution network 
that participate in the active network management, according to the established 
control structure; 
 The multifunctional character of battery storage that allow it to provide services to 
different stakeholders; 
 The coordination of multifunctional battery systems existing within a distribution 
network, in order to utilise the storage resources for improving the efficiency and 
flexibility of the distribution network. 
This can be achieved by integrating BESSs in the control architecture of distribution 
networks, regarding such systems as active, controllable network elements. However, the 
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addition of the control hierarchy required by battery storage shall not replace the typical 
distribution network’s control approach. In addition, the distribution network control hierarchy 
needs to recognize the intrinsic characteristics of battery storage resources and to fulfil the 
technical and economic potential of their integration in distribution networks. This means that, 
on one hand, the distributed nature of the storage resource needs to be taken into 
consideration, as the location of a BESS influences its potential contribution to the optimisation 
of the distribution network operation. On the other hand, aiming at optimising the integration 
of BESSs, both the local and the distribution network operational levels need to be 
comprehended. Beyond recognizing the multiple service potential of BESSs, this approach 
allows the quantification of the technical and economic effort (i.e., the battery storage 
resource that needs to be provided) for improving the flexibility of the distribution network in 
order to ensure the operation within technical limits. Therefore, opportunity costs for battery 
storage performing services in distribution networks to different stakeholders, including the 
DSO, can be assessed. 
4.3.2. The developed functional architecture 
A functional architecture encompassing a decentralized control hierarchy is proposed for 
the integration of battery storage in the operation of distribution networks. The developed 
functional architecture is presented in Figure 4.2. 
The hierarchical approach of the functional architecture aims at enabling the operation of 
various BESSs according to their characteristics and local objectives, to the distribution network 
behaviour as well as to electricity markets participation results. The consideration of these 
three integration vectors contribute to a coordinated control of BESSs that is both technically 
and economically driven. The objectives of the proposed architecture can be achieved by the 
integration of local functional components such as the Storage Controller (SC) and the Local 
Storage Scheduler (LSS), as well as a distribution network aware functional component such as 
the Substation Storage Scheduler (SSS). These functional components allow an appropriate 
interface between the BESS and other local electrical resources such as renewables and electric 
demand (depending on the stakeholder deploying the BESS), and other stakeholders such as the 
DSO (through the existing Smart Substation Controller), the electricity market operator (to 
enable the participation by the existing BESSs in electricity markets) and the TSO (to enable 
the fulfilment of reserve requests). The idea of the defined hierarchy is, on one hand, to 
operate the BESSs based on a detailed knowledge of their local electrical environment 
(provided by the local functional components); and on the other hand, to take advantage of 
the higher distribution network awareness of the SSS to coordinate the existing BESSs, in order 
to maintain distribution network operational limits.  
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Figure 4.2. Functional architecture to support an adequate integration of battery storage 
The presented architecture is battery storage technology agnostic, i.e., it does not intend 
to highlight one battery technology over another but, instead, it intends maximise the potential 
of different storage resources existing within a distribution network. Therefore, the key 
characteristics of battery storage are recognized and modelled both at the local and at the 
distribution network level. Nonetheless, the contributions of a certain battery system to a more 
efficient and flexible distribution network depend of the inherent characteristics and behaviour 
through time (e.g. performance degradation) of the different battery technologies. Therefore, 
such characteristics are inherently regarded in the proposed architecture through its underlying 
operational algorithm. 
4.3.3. Functional components and their hierarchical integration 
The functional components of the developed architecture differ on their objectives, on their 
distribution network awareness (e.g. local or network nature) and on their time requirements 
(e.g. time scale, time horizon and response time). These differentiating aspects lead to the 
definition of two local functional components, i.e., the SC and the LSS. However, these local 
functional components can be physically integrated in the same Storage Controlling Unit (SCU), 
i.e., the components differ in the included functionalities and on their role on the coordination 
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of multifunctional BESSs. The integration architecture for battery storage is established in a 
smart grid scenario, i.e., there is observability of the distribution network from the primary 
substation to the existing secondary substations, where advanced control and communication 
possibilities are available. This control and communication infrastructure is considered to be 
sufficient for the adequate implementation of not only the proposed functional architecture 
but, moreover, the underlying operational algorithm (presented in Section 4.4).  
4.3.3.1. The Storage Controller 
The Storage Controller (SC) manages the active and reactive power of the BESS in order to 
ensure that the actual power exchange of the BESS or the combined output of the system 
comprising a battery system (for example, a renewable source coupled with a storage system 
- hybrid system) corresponds to the scheduled combined output. Therefore, the SC is a 
functional component that presents only a local awareness of the distribution network in order 
to provide control of the BESS as close to real-time as possible. This means that, to the possible 
extent, the reference active and reactive power defined for the BESS by the SC (i.e., 𝑃𝑟𝑒𝑓 and 
𝑄𝑟𝑒𝑓, respectively, accordingly to Figure 4.2) is set to be equal to the scheduled active and 
reactive power calculated by the LSS (i.e., 𝑃𝑠𝑐ℎ𝑒𝑑 and 𝑄𝑠𝑐ℎ𝑒𝑑, respectively). Nonetheless, in 
virtue of deviations from the planned (or forecasted) profile of electric load and/or the 
generation from the renewable source to which the BESS is connected (in case the BESS is not 
a standalone system), the active power and reactive power set-points need to be adjusted by 
the SC. The SC needs to calculate the adequate compensation by the BESS in order maintain 
the combined output of the system (BESS coupled with renewable source and/or electric load) 
as scheduled. This management of the combined operation that the SC allows is represented 
in (Eq. 4.1) for the control of the active power set-point and in (Eq. 4.2) for the control of the 
reactive power set-point. 
 
𝑃𝑟𝑒𝑓(𝑡) = 𝑃𝑠𝑐ℎ𝑒𝑑(𝑡) + [𝑃𝑅𝐸𝑆
𝑠𝑐ℎ𝑒𝑑(𝑡) − 𝑃𝑅𝐸𝑆(𝑡)] + [𝑃𝐿𝑜𝑎𝑑(𝑡) − 𝑃𝐿𝑜𝑎𝑑
𝑠𝑐ℎ𝑒𝑑(𝑡)] (Eq. 4.1) 
 
𝑄𝑟𝑒𝑓(𝑡) = 𝑄𝑠𝑐ℎ𝑒𝑑(𝑡) + [𝑄𝐿𝑜𝑎𝑑(𝑡) − 𝑄𝐿𝑜𝑎𝑑
𝑠𝑐ℎ𝑒𝑑(𝑡)] (Eq. 4.2) 
where 𝑃𝑅𝐸𝑆
𝑠𝑐ℎ𝑒𝑑(𝑡) is the forecasted generation of the renewable source for period 𝑡; 𝑃𝑅𝐸𝑆(𝑡) is 
the actual renewable generation in period 𝑡; 𝑃𝐿𝑜𝑎𝑑(𝑡) is the actual electric demand in period 𝑡; 
𝑃𝐿𝑜𝑎𝑑
𝑠𝑐ℎ𝑒𝑑(𝑡) is the forecasted electric demand for period 𝑡; 𝑄𝐿𝑜𝑎𝑑(𝑡) is the actual reactive power 
exchange of the electric load in period 𝑡; and 𝑄𝐿𝑜𝑎𝑑
𝑠𝑐ℎ𝑒𝑑(𝑡) is the expected reactive power 
exchange in period 𝑡. Positive values for the active power of the BESS mean that the battery 
system is discharging, while negative values mean that the BESS is charging. The injection or 
absorption of reactive power by the BESS are represented by positive values or negative values, 
respectively. The same representation applies for the reactive power of the electric demand. 
Renewable generation and electric demand are presented by positive values. The planned 
demand and/or renewable production are calculated by the LSS and sent as reference to the 
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SC. Moreover, the SC handles technological constraints such as the charge and discharge power 
limits of the BESS, as well as its SoC limits. 
4.3.3.2. The Local Storage Scheduler 
The Local Storage Scheduler (LSS) calculates the day-ahead scheduling of the BESS 
considering forecasts of renewable generation and/or of electric demand. Additionally, during 
service provision, the LSS can adjust the schedule of the BESS in order to deal, on one hand, 
with local changes in the electrical environment (e.g. renewable generation different from the 
forecasted generation), which influence the availability of the storage resource (i.e., the SoC 
of the BESS). On the other hand, with requests from other stakeholders of the distribution 
network to change active power and/or reactive power outputs (e.g. for the provision of 
reserve to the TSO). In fact, the LSS constitutes the functional platform that allows the 
interaction of the battery system with different stakeholders such as the DSO (e.g. through the 
Smart Substation Controller) and the TSO (e.g. TSO requests for secondary reserve, i.e., 𝑃𝑅𝑠𝑟𝑣) 
potentiating the economic value of the storage resource. Nonetheless, this interaction is 
performed through the SSS as this functional component also needs to integrate information 
regarding electricity markets and the requests of the TSO. Nevertheless, the interaction with 
the TSO and the electricity market could be performed directly by the LSS, thus ensuring that 
the local functional components are sufficient for a local optimal operation. 
In order to achieve the mentioned functional objectives, the LSS presents a local awareness 
of the distribution network along with knowledge regarding electricity market prices. 
Moreover, the time scales of its optimisation processes are larger than the time scale of the SC 
and include, on the contrary of the SC, a certain time horizon in these processes resulting from 
forecasts of possible local electrical realisations (e.g. renewable generation). Therefore, the 
scheduling of the BESS can be improved. However, the definition of different active and 
reactive power profiles in the SC need to cope with the time requirements of providing, for 
instance, secondary reserve. Therefore, during operation, the LSS defines the schedule of the 
BESS (𝑷𝑠𝑐ℎ𝑒𝑑, 𝑸𝑠𝑐ℎ𝑒𝑑) sending bids (𝑷𝑏𝑖𝑑𝑠) to the different markets (e.g. day-ahead spot market, 
ancillary services markets) in which the BESS may participate in. The clearing prices of the 
markets that the BESSs participate (𝝀𝑝𝑟𝑖𝑐𝑒𝑠) are communicated to the LSS. In fact, the LSS 
defines the bids to the electricity markets and, therefore, defines the schedule of the BESS 
according to forecasted market prices. In the developed architecture, however, it is assumed 
that market clearing prices are known beforehand, being the electric demand and the 
renewable generation the only source of uncertainty. Nevertheless, the resulting schedule of 
the BESS can, then, be modified by the hierarchically superior functional component, i.e., the 
Substation Storage Scheduler. 
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4.3.3.3. The Substation Storage Scheduler 
The Substation Storage Scheduler (SSS) is managed by the DSO and validates the day-ahead 
schedule of the existing BESSs or hybrid systems in the distribution network. Additionally, the 
SSS, through a detailed model of the distribution network, can more actively manage the power 
exchange of these systems during operation in order to ensure the fulfilment of operational 
limits. The SSS takes into consideration grid operational constraints such as voltage limits and 
network congestions including substation capacity limits. 
The management of the SSS is based on a broader distribution network awareness that 
consists of detailed knowledge of the characteristics and behaviour of the distribution network 
(based on historical values and/or forecasts). Data relative to electrical measurements and the 
characterization of the distribution network can be provided by the Smart Substation Controller 
(see Figure 4.2) to the SSS in virtue of the integration of the SSS in the existing control hierarchy 
of the distribution network. Moreover, the SSS recognizes the existence of multiple battery 
storage resources as well as their technological characteristics and operational limits (power 
limits, energy capacity and SoC).  
Based on this higher knowledge of the distribution network, adjustments to the schedules 
of the different BESSs are calculated (Δ𝑃𝑠𝑐ℎ𝑒𝑑, Δ𝑄𝑠𝑐ℎ𝑒𝑑). These adjustments are performed not 
only during the planning of operation (i.e., day-ahead adjustments during the validation of the 
BESSs schedules) but, also, during the operation of the distribution network in order to cope 
with operational limits. These adjustments are defined in order to ensure a coordinated 
operation of the existing BESSs. The criteria for the definition of these adjustments, as well as 
their magnitude and duration, results from the developed optimisation method for the 
coordination of multifunctional BESSs.  
4.4. Coordination of multifunctional BESSs in distribution 
networks 
This section describes the developed method for an adequate coordination of 
multifunctional battery energy storage systems in MV distribution networks. The objective is 
to optimally use the available storage resources to perform services related with the BESS’ 
owner intrinsic activities (e.g. participation on electricity markets, reduce demand charges or 
reduce intermittency of a renewable source) in coordination with the DSO, so that the storage 
systems can contribute to an efficient and flexible distribution network operation. This means 
that the coordination of the battery storage resources aims at the reduction of capital 
expenditure (CAPEX) (e.g. substation or network capacity upgrade) and operational 
expenditure (OPEX) (e.g. thermal losses reduction, increase reliability) of the DSO. The 
regulated activities that the battery system can perform encompass capacity support, reactive 
compensation and voltage control. A MILP formulation is implemented to model multiple BESSs 
scheduling considering their multifunctional potential. The method enables quantifying the 
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added value for the DSO of a coordinated approach to the integration of BESSs, i.e., the 
opportunity cost of providing regulated services. 
The developed methodology is supported by the proposed business model in the planning 
framework, presented in Section 3.4.3. This model, applied to the case of BESSs in distribution 
networks of interconnected and market-driven power systems, considers two value streams for 
each BESS: the performance of their intrinsic services and DSO contracted services. Therefore, 
the schedule adjustments requested by the DSO to each BESS are compulsory and, hence, 
modelled as constraints of the operation of battery storage systems. 
4.4.1. BESS coupled with industrial prosumer 
The developed operation tool considers the possibility of an industrial consumer adding a 
PV power plant and a BESS with the objective of reducing demand charges (i.e., the cost of 
electric energy) while ensuring industrial load backup reserve. It is considered the case in which 
the BESS has the capability of maintaining security of supply with adequate quality of service 
while there is not electricity supply from the distribution grid, if sufficient stored energy is 
ensured for feeding local loads. The nomenclature for the mathematical formulation of the 
addressed problem is presented in Table 4.1. 
 
Table 4.1. Nomenclature for the mathematical formulation of the problem of the BESS coupled with the 
industrial prosumer. 
Nomenclature 
Sets: 
𝐵1  Set of indices of the BESSs integrated by industrial prosumers. 
𝑇 Set of indices of the hourly time periods. 
𝑀 Set of indices of peak demand periods (subset of T). 
𝜋  Set of supporting hyperplanes that define the apparent power region. 
Constants: 
𝜆𝑏1
𝑀𝑉(𝑡) Demand charge for the medium voltage connected prosumer integrating BESS 𝑏1 in 
period 𝑡. 
𝜆𝑞,𝑏1
𝑐𝑎𝑝 (𝑡) Cost of injecting reactive power by the industrial prosumer integrating BESS 𝑏1 in 
period 𝑡. 
𝜆𝑞,𝑏1
𝑖𝑛𝑑 (𝑡) Cost of absorbing reactive power by the industrial prosumer integrating BESS 𝑏1 in 
period 𝑡. 
𝐾𝑏1
𝑝𝑒𝑎𝑘
 Demand charge for distribution network usage by the industrial prosumer integrating 
BESS 𝑏1 in peak periods.  
∆𝑡𝑏1
𝑏𝑘𝑝
 Fraction of time that the BESS 𝑏1 is expected to provide reserve. 
𝛿 Step per quadrant of the apparent power region of an electrical quantity 
𝐸𝑏1 Storage capacity of the BESS 𝑏1. 
𝐸𝑓𝑓𝑏1
𝑐 , 𝐸𝑓𝑓𝑏1
𝑑  Charging and discharging efficiencies of the BESS 𝑏1, respectively. 
𝑃𝑏1
𝑐  Maximum charge power of the BESS 𝑏1. 
𝑃𝑏1
𝑑  Maximum discharge power of the BESS 𝑏1. 
𝑃𝐿,𝑏1
𝑓𝑐 (𝑡) Forecasted active demand of the industrial prosumer integrating BESS 𝑏1 in period 𝑡. 
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𝑃𝑅,𝑏1
𝑓𝑐 (𝑡) Forecasted renewable generation of the industrial prosumer integrating BESS 𝑏1 in 
period 𝑡. 
𝑄𝐿,𝑏1
𝑐𝑎𝑝(𝑡) Reactive power injected in the distribution network in period 𝑡. 
𝑄𝐿,𝑏1
𝑖𝑛𝑑 (𝑡) Reactive power absorbed from the distribution network in period 𝑡. 
𝑆𝑏1 Maximum apparent power of the BESS 𝑏1. 
𝑆𝑜𝐶0,𝑏1 Initial State of Charge of the BESS 𝑏1. 
𝑆𝑜𝐶𝑏1, 𝑆𝑜𝐶𝑏1 Minimum and maximum state of charge of the BESS 𝑏1, respectively. 
Variables: 
𝜌𝑏1
𝑐 (𝑡) Binary variable that is equal to 1 if BESS 𝑏1 is charging, and 0 otherwise, in period 𝑡. 
𝜌𝑏1
𝑐𝑎𝑝(𝑡) Binary variable that is equal to 1 if BESS 𝑏1 is injecting reactive power, and 0 
otherwise, in period 𝑡. 
𝜌𝑏1
𝑑 (t) Binary variable that is equal to 1 if BESS 𝑏1 is discharging, and 0 otherwise, in period 
𝑡. 
𝜌𝑏1
𝑖𝑛𝑑(𝑡) Binary variable that is equal to 1 if BESS 𝑏1 is absorbing reactive power, and 0 
otherwise, in period 𝑡. 
𝑐𝑏1
𝑒 (𝑡) Cost of active energy consumed by the industrial prosumer integrating BESS 𝑏1 in 
period 𝑡. 
𝑐𝑏1
𝑝 (𝑚) Cost of active energy consumed by the industrial prosumer integrating BESS 𝑏1 in 
peak period 𝑚. 
𝑐𝑏1
𝑞 (𝑡) Cost of reactive energy injected or absorbed by the industrial prosumer integrating 
BESS 𝑏1 in period 𝑡. 
𝑃𝑏1
𝑐 (𝑡) Charging power of the BESS 𝑏1 in period 𝑡. 
𝑃𝑏1
𝑑 (𝑡) Discharging power of the BESS 𝑏1 in period 𝑡. 
𝑄𝑏1
𝑐𝑎𝑝(𝑡) Reactive power injected by the BESS 𝑏1 in period 𝑡. 
𝑄𝑏1
𝑖𝑛𝑑(𝑡) Reactive power absorbed by the BESS 𝑏1 in period 𝑡. 
 
The objective function of this problem is represented as the sum of three different terms 
in (Eq. 4.3). These terms, detailed in (Eq. 4.4)-(Eq. 4.6), are relative to the different demand 
charges that an industrial prosumer integrating BESS 𝑏1, incurs, respectively, the consumed 
energy (𝑐𝑏1
𝑒 (𝑡)), the active power required during local peak demand periods (𝑐𝑏1
𝑝 (𝑡)) and 
reactive energy injection or absorption (𝑐𝑏1
𝑞 (𝑡)). The mathematical formulation reflects the 
approach to the optimisation process that is based on Mixed Integer Linear Programming (MILP). 
Note that in case more than one BESS coupled with industrial prosumers exist, this 
mathematical formulation is applied independently for each industrial prosumer. 
 
min∑[𝑐𝑏1
𝑒 (𝑡) + 𝑐𝑏1
𝑝 (𝑡) + 𝑐𝑏1
𝑞 (𝑡)]
𝑇
𝑡=1
 (Eq. 4.3) 
 cb1
e (t) =[𝑃𝐿,𝑏1
𝑓𝑐 (𝑡) − 𝑃𝑅,𝑏1
𝑓𝑐 (𝑡) + 𝑃𝑏1
𝑐 (𝑡) − 𝑃𝑏1
𝑑 (𝑡)]. 𝜆𝑏1
𝑀𝑉(𝑡) , ∀𝑡 ∈ 𝑇  (Eq. 4.4) 
 𝑐𝑏1
𝑝 (𝑡) ≥ 0 ∧ 𝑐𝑏1
𝑝 (𝑚) ≥ 𝐾𝑏1
𝑝𝑒𝑎𝑘 . [𝑃𝐿,𝑏1
𝑓𝑐 (𝑚) − 𝑃𝑅,𝑏1
𝑓𝑐 (𝑚) + 𝑃𝑏1
𝑐 (𝑚) − 𝑃𝑏1
𝑑 (𝑚)] 
, ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀 
(Eq. 4.5) 
 
𝑐𝑏1
𝑞 (𝑡) ≥ 0 ∧ {
𝑐𝑏1
𝑞 (𝑡) ≥ [𝑄𝐿,𝑏1
𝑖𝑛𝑑 (𝑡) + 𝑄𝑏1
𝑖𝑛𝑑(𝑡) − 𝑄𝑏1
𝑐𝑎𝑝(𝑡)]. 𝜆𝑞,𝑏1
𝑖𝑛𝑑 (𝑡)
𝑐𝑏1
𝑞 (𝑡) ≥ [𝑄𝐿,𝑏1
𝑐𝑎𝑝 (𝑡) − 𝑄𝑏1
𝑖𝑛𝑑(𝑡) + 𝑄𝑏1
𝑐𝑎𝑝(𝑡)]. 𝜆𝑞,𝑏1
𝑐𝑎𝑝 (𝑡)
 , ∀𝑡 ∈ 𝑇  (Eq. 4.6) 
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where, in (Eq. 4.4),  𝜆𝑏1
𝑀𝑉(𝑡) is the demand charge for the MV connected prosumer integrating 
BESS 𝑏1 in hour 𝑡, 𝐾𝑏1
𝑝𝑒𝑎𝑘
 is the additional demand charge in €/kW for distribution network usage 
during peak periods (𝑚 ∈ 𝑀). 𝑃𝐿,𝑏1
𝑓𝑐 (𝑡)  and 𝑃𝑅,𝑏1
𝑓𝑐 (𝑡) are, respectively, the forecasted active 
demand and RES production in hour 𝑡. 𝑃𝑏1
𝑐 (𝑡) and 𝑃𝑏1
𝑑 (𝑡) are the charging and discharging power 
of the BESS 𝑏1 at hour 𝑡, respectively.  𝜆𝑞,𝑏1
𝑖𝑛𝑑 (𝑡) and 𝜆𝑞,𝑏1
𝑐𝑎𝑝 (𝑡) are the costs of absorbing and 
injecting reactive power in the grid in period 𝑡, respectively. The absorption or injection of 
reactive power in the distribution network is dictated by 𝑄𝑏1
𝑖𝑛𝑑(𝑡) and 𝑄𝑏1
𝑐𝑎𝑝(𝑡) that are limited 
to the inductive (𝑄𝐿,𝑏1
𝑖𝑛𝑑 (𝑡)) or capacitive (𝑄𝐿,𝑏1
𝑐𝑎𝑝 (𝑡)) industrial load. The variables that define the 
active and reactive power output of the battery system are constrained by binary control 
variables (𝜌𝑏1
𝑐 (𝑡), 𝜌𝑏1
𝑑 (𝑡), 𝜌𝑏1
𝑖𝑛𝑑(𝑡), 𝜌𝑏1
𝑐𝑎𝑝(𝑡)). These constraints ensure that the BESS 𝑏1 is scheduled 
exclusively to charge or discharge, and to absorb or inject reactive power in each period. The 
mathematical formulation of these constraints is as follows in (Eq. 4.7)-(Eq. 4.12). All variables 
in this formulation are greater or equal to zero. 
∀𝑡 ∈ 𝑇 , ∀𝑏1 ∈ 𝐵1 : 
 
𝜌𝑏1
𝑐 (𝑡) + 𝜌𝑏1
𝑑 (𝑡) ≤ 1 (Eq. 4.7) 
 
𝑃𝑏1
𝑐 (𝑡) − 𝜌𝑏1
𝑐 (𝑡). 𝑃𝑏1
𝑐 ≤ 0 (Eq. 4.8) 
 
𝑃𝑏1
𝑑 (𝑡) − 𝜌𝑏1
𝑑 (𝑡). 𝑃𝑏1
𝑑 ≤ 0 (Eq. 4.9) 
 
𝜌𝑏1
𝑖𝑛𝑑(𝑡) + 𝜌𝑏1
𝑐𝑎𝑝(𝑡) ≤ 1 (Eq. 4.10) 
 
𝑄𝑏1
𝑖𝑛𝑑(𝑡) − 𝜌𝑏1
𝑖𝑛𝑑(𝑡). 𝑆𝑏1 ≤ 0 (Eq. 4.11) 
 
𝑄𝑏1
𝑐𝑎𝑝(𝑡) − 𝜌𝑏1
𝑐𝑎𝑝(𝑡). 𝑆𝑏1 ≤ 0 (Eq. 4.12) 
 
(𝑃𝑏1
𝑐 (𝑡) + 𝑃𝑏1
𝑑 (𝑡))
2
+ (𝑄𝑏1
𝑐𝑎𝑝(𝑡) + 𝑄𝑏1
𝑖𝑛𝑑(𝑡))
2
≤ 𝑆𝑏1
2
 (Eq. 4.13) 
 
𝑆𝑜𝐶𝑏1 ≤ 𝑆𝑜𝐶0,𝑏1 +∑
𝑃𝑏1
𝑐 (𝑘). 𝐸𝑓𝑓𝑏1
𝑐
𝐸𝑏1
𝑡
𝑘=1
−∑
𝑃𝑏1
𝑑 (𝑘)
𝐸𝑓𝑓𝑏1
𝑑 . 𝐸𝑏1
𝑡
𝑘=1
≤ 𝑆𝑜𝐶𝑏1 (Eq. 4.14) 
where 𝑆𝑜𝐶0,𝑏1 is the initial SoC of the battery system (∀𝑏1 ∈ 𝐵1); 𝐸𝑓𝑓𝑏1
𝑐  and 𝐸𝑓𝑓𝑏1
𝑑  being the 
charging and discharging efficiency of the BESS 𝑏1. Moreover, the performance of this BESS is 
further limited in (Eq. 4.13) by the capacity of its power conversion system (𝑆𝑏1) and in (Eq. 
4.14) by its energy storage capacity (𝐸𝑏1) and minimum SoC (i.e., 𝑆𝑜𝐶𝑏1).  
In (Eq. 4.13) a non-linear convex set is defined and, therefore, is approximated in order to 
be included in the linear model. The developed operation tool approximates the region defined 
by the apparent power possibilities through (Eq. 4.15) where 𝛿 𝜖 𝜋 defines a discretisation of 
the apparent power region (−𝑆𝑏1, 𝑆𝑏1). Basically, (Eq. 4.15) defines supporting hyperplanes in 
the boundary of the convex region at different sample points, i.e., defines tangents to the 
apparent power circle, representing the power capability of the BESS. This means that the 
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higher the discretisation, the more reduced will be the error introduced by the approximation. 
However, this approach comes at the expense of an increase in the number of inequality 
constraints of the problem. In the implemented formulation, 10 apparent power steps per 
quadrant, i.e., 20 elements in 𝜋 are considered. 
 
𝛿. (𝑃𝑏1
𝑐 (𝑡) + 𝑃𝑏1
𝑑 (𝑡)) − 𝑆𝑏1
2
≤ (𝑄𝑏1
𝑐𝑎𝑝(𝑡) + 𝑄𝑏1
𝑖𝑛𝑑(𝑡))√(𝑆𝑏1
2
− 𝛿2)
≤ −𝛿. (𝑃𝑏1
𝑐 (𝑡) + 𝑃𝑏1
𝑑 (𝑡)) + 𝑆𝑏1
2
, ∀𝛿 ∈ 𝜋, ∀𝑡 ∈ 𝑇 
(Eq. 4.15) 
The backup reserve service is presented in (Eq. 4.16) as a constraint since it is the primary 
objective of the BESS and, therefore, establishes a lower boundary to the battery system’s SoC 
at each period of the day. The constant ∆𝑡𝑏1
𝑏𝑘𝑝
 represents the fraction of time that the BESS is 
expected to provide reserve (e.g. 30 minutes). The PV generation is taken into account for the 
backup functionality as the battery system firms the output of the renewable source. During 
real-time operation, sufficient energy is stored to ensure the provision of backup reserve if a 
grid-side fault occurs, which can lead to a lower reduction of demand charges.  
 
𝑆𝑜𝐶0,𝑏1 +∑
𝑃𝑏1
𝑐 (𝑘). 𝐸𝑓𝑓𝑏1
𝑐
𝐸𝑏1
𝑡
𝑘=1
−∑
𝑃𝑏1
𝑑 (𝑘)
𝐸𝑓𝑓𝑏1
𝑑 . 𝐸𝑏1
𝑡
𝑘=1
−
(−𝑃𝐿,𝑏1
𝑓𝑐 (𝑡) − 𝑃𝑅,𝑏1
𝑓𝑐 (𝑡)) . ∆𝑡𝑏1
𝑏𝑘𝑝
𝐸𝑓𝑓𝑏1
𝑑 . 𝐸𝑏1
≥ 𝑆𝑜𝐶𝑏1 , ∀𝑡 ∈ 𝑇 
(Eq. 4.16) 
4.4.2. Renewable source with energy storage capacity 
The possibility of deploying a BESS coupled with a renewable source is considered. The 
objective of the integration of the BESS is to potentiate the participation of the hybrid system 
(i.e., BESS coupled with renewable source) in electricity markets, assuming a scenario of no 
feed-in tariffs. Thus, the developed method comprehends the participation on the day-ahead 
spot market and enables the provision of ancillary services (e.g. participation in the secondary 
reserve market). The maximisation of the economic revenue of the hybrid system is achieved 
taking into account forecasts of RES production, the available storage resource and electricity 
markets prices. The developed approach is based on the design of the Iberian electricity market 
and the Portuguese ancillary services market (managed by the TSO). Nonetheless, these 
markets present technical and economic characteristics, which make them fairly 
representative of European markets [85, 156]. For instance, the technical requirements are 
similar to those in place in the secondary response of the primary frequency control of the 
British market. The nomenclature for the mathematical formulation of the addressed problem 
is presented in Table 4.2. 
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Table 4.2. Nomenclature for the mathematical formulation of the problem of the renewable source with 
energy storage capacity. 
Nomenclature 
Sets: 
𝐵2  Set of indices of the BESSs integrated by renewable promoters. 
𝑇  Set of indices of the hourly time periods. 
𝜋  Set of supporting hyperplanes that define the apparent power region. 
Constants: 
𝜆𝐷𝐴𝑀(𝑡)  Day-ahead spot market price in period 𝑡. 
𝜆𝑆𝑅(𝑡)  Secondary reserve market price for capacity headroom in period 𝑡. 
𝜆𝑑𝑛
𝑆𝑅(𝑡), 𝜆𝑢𝑝
𝑆𝑅(𝑡) Tertiary downward and upward, respectively, reserve market price in period 𝑡. 
𝜎𝑢𝑝, 𝜎𝑑𝑛  Parameters of energy-to-contracted-upward-capacity and energy-to-contracted-
downward-capacity, respectively. 
𝛾𝑏2(𝑡)  RES production adjustment parameter in period 𝑡 for the renewable source coupled with 
the BESS 𝑏2.  
𝛿  Step per quadrant of the apparent power region of an electrical quantity 
𝐸𝑏2  Storage capacity of the BESS 𝑏2. 
𝐸𝑓𝑓𝑏2
𝑐 , 𝐸𝑓𝑓𝑏2
𝑑  Charging and discharging efficiencies of the BESS 𝑏2, respectively. 
𝑃𝑏2
𝑐   Maximum charge power of the BESS 𝑏2. 
𝑃𝑏2
𝑑   Maximum discharge power of the BESS 𝑏2. 
𝑃𝑅,𝑏2
𝑓𝑐 (𝑡)  Forecasted generation for period 𝑡 of the renewable park coupled with BESS 𝑏2. 
𝑃𝑅,𝑏2  Installed capacity of the renewable source coupled with BESS 𝑏2. 
𝑆𝑏2  Maximum apparent power of the BESS 𝑏2. 
𝑆𝑜𝐶0,𝑏2  Initial State of Charge of the BESS 𝑏2. 
𝑆𝑜𝐶𝑡𝑔,𝑏2  Target State of Charge of the BESS 𝑏2. 
𝑆𝑜𝐶𝑏2, 𝑆𝑜𝐶𝑏2 Minimum and maximum state of charge of the BESS 𝑏2, respectively. 
𝐹𝑝𝑒𝑛  Penalty coefficient for the inadequate participation in the secondary reserve market. 
∆𝑡𝑏2
𝑓𝑙
(𝑡)  Proportion of time in which the BESS 𝑏2 is not able to respond to the system operator 
requests during hour 𝑡 
Variables: 
𝛽𝑏2(𝑡)  Economic penalty applied in period 𝑡 to the renewable promoter integrating BESS 𝑏2. 
𝜌𝑏2
𝑐 (𝑡)  Binary variable that is equal to 1 if BESS 𝑏2 is charging, and 0 otherwise, in period 𝑡. 
𝜌𝑏2
𝑐𝑎𝑝(𝑡)  Binary variable that is equal to 1 if BESS 𝑏2 is injecting reactive power, and 0 otherwise, 
in period 𝑡. 
𝜌𝑏2
𝑑 (𝑡)  Binary variable that is equal to 1 if BESS 𝑏2 is discharging, and 0 otherwise, in period 𝑡. 
𝜌𝑏2
𝑖𝑛𝑑(𝑡)  Binary variable that is equal to 1 if BESS 𝑏2 is absorbing reactive power, and 0 otherwise, 
in period 𝑡. 
𝑃𝑏1
𝑐 (𝑡)  Charging power of the BESS 𝑏2 in period 𝑡. 
𝑃𝑏2
𝑑 (𝑡)  Discharging power of the BESS 𝑏2 in period 𝑡. 
𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡)  Downward active power committed by the BESS 𝑏2 in the secondary reserve market in 
period 𝑡. 
𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡)  Upward active power committed by the BESS 𝑏2 in the secondary reserve market in 
period 𝑡. 
𝑃𝑢𝑝,𝑏2
𝑎𝑐𝑡𝑢𝑎𝑙(𝑡)  Actual upward active power response of BESS 𝑏2. 
𝑃𝑑𝑛,𝑏2
𝑎𝑐𝑡𝑢𝑎𝑙(𝑡)  Actual downward active power response of BESS 𝑏2. 
𝑄𝑏2
𝑐𝑎𝑝(𝑡)  Reactive power injected by the BESS 𝑏2 in period 𝑡. 
𝑄𝑏2
𝑖𝑛𝑑(𝑡)  Reactive power absorbed by the BESS 𝑏2 in period 𝑡. 
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The objective function of the participation in the day-ahead market is given in (Eq. 4.17).  
 
max∑𝑃𝑅,𝑏2
𝑓𝑐 (𝑡). 𝛾𝑏2(𝑡). 𝜆
𝐷𝐴𝑀(𝑡)
𝑇
𝑡=1
, (Eq. 4.17) 
where 𝑃𝑅,𝑏2
𝑓𝑐 (𝑡) is the forecasted renewable generation in hour t for the renewable park coupled 
with BESS 𝑏2, 𝜆𝐷𝐴𝑀(𝑡) is the day-ahead market clearing price in hour t and 𝛾𝑏2(𝑡) is a RES 
production adjusting parameter. The objective of the time-dependent variable 𝛾𝑏2(𝑡) is, on one 
hand, to reflect storage system losses due to the efficiency of the charging and discharging of 
the system to firm the infeed profile of the renewable source. On the other hand, to lead the 
SoC of the BESS 𝑏2 towards a target value (e.g. 𝑆𝑜𝐶𝑡𝑔,𝑏2=50%) in the most economical way, i.e., 
according to market prices, in order to increase the ability of the BESS to address the variability 
of the renewable source. Moreover, along with the spot market clearing price, the adjustment 
factor is weighted in each hour by the forecasted production volume and its impact is limited 
to ±10% 𝑃𝑅,𝑏2
𝑓𝑐 (𝑡) with the purpose of minimising the storage effort of adjustment, while 
regarding potential forecasting errors. 
Ancillary services markets for frequency control are the TSO’s responsibility. Particularly, 
the secondary frequency control reserve market allocates the adequate capacity to bring 
frequency to its nominal value and/or to maintain interconnection power flows at the planned 
values. Although the effect is systemic, the BESS can locally respond to TSO’s requests of 
upward and downward reserve and, thus, contribute to the system response to generation-load 
imbalances. The mathematical formulation of the secondary reserve market participation is 
given in (Eq. 4.18)-(Eq. 4.26).  
 
max(∑𝜆𝑆𝑅(𝑡). (𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) + 𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡))
𝑇
𝑡=1
+∑𝜆𝑢𝑝
𝑆𝑅(𝑡). 𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡)
𝑇
𝑡=1
. 𝜎𝑢𝑝
−∑𝜆𝑑𝑛
𝑆𝑅(𝑡). 𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡)
𝑇
𝑡=1
. 𝜎𝑑𝑛) 
(Eq. 4.18) 
s.t. (∀𝑡 ∈ 𝑇, ∀𝑏2 ∈ 𝐵2, ) 
 𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) − 2. 𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡) = 0 (Eq. 4.19) 
 𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) ≤ 𝑃𝑅,𝑏2 − 𝑃𝑅,𝑏2
𝑓𝑐 (𝑡). 𝛾𝑏2(𝑡) (Eq. 4.20) 
 𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) ≤ 𝑃𝑏2 (Eq. 4.21) 
 𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡) ≤ 𝑃𝑅,𝑏2
𝑓𝑐 (𝑡). 𝛾𝑏2(𝑡) (Eq. 4.22) 
 
𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡) ≤ 𝑃𝑏2 (Eq. 4.23) 
 
SoCb2  ≤ 𝑆𝑜𝐶0,𝑏2 −∑
𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡). 𝜎𝑢𝑝
𝐸𝑓𝑓𝑏2
𝑑 . 𝐸𝑏2
𝑡
𝑘=1
+∑
𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡). 𝜎𝑑𝑛 . 𝐸𝑓𝑓𝑏2
𝑐
𝐸𝑏2
𝑖
𝑘=1
≤ 𝑆𝑜𝐶𝑏2 (Eq. 4.24) 
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∑𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡).
𝑇
𝑡=1
𝜎𝑢𝑝 ≤ (𝑆𝑜𝐶𝑏2 − 𝑆𝑜𝐶𝑏2) . 𝐸𝑏2 (Eq. 4.25) 
 𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡), 𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) ≥ 0 (Eq. 4.26) 
The objective function in (Eq. 4.18) aims at the maximisation of the expected revenue for 
providing secondary reserve to the TSO. (Eq. 4.18) is constituted by three terms, 
𝜆𝑆𝑅(𝑡). (𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) + 𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡)) being the economic valuation through secondary reserve market 
prices (𝜆𝑆𝑅(𝑡) in €/MW) of the capacity headroom provided by the battery system (𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) +
𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡)) and that is paid whether it is used or not by the TSO;  𝜆𝑢𝑝
𝑆𝑅(𝑡). 𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡). 𝜎𝑢𝑝,  with  
𝜆𝑢𝑝
𝑆𝑅(𝑡) being the tertiary upward reserve market price, is the expected revenue for the 
provision of upward reserve; 𝜆𝑑𝑛
𝑆𝑅(𝑡). 𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡). 𝜎𝑑𝑛 being the cost according to the tertiary 
downward reserve price of charging the BESS while providing downward reserve.  
Although the method assumes the beforehand knowledge of the market clearing prices, 
there is no foresight of the periods in which the TSO requests upward or downward 
adjustments. Therefore, a probabilistic approach is also developed to take advantage of the 
behaviour of the secondary reserve market. The concepts of energy-to-contracted-upward-
capacity and energy-to-contracted-downward-capacity ratios, i.e., 𝜎𝑢𝑝 and 𝜎𝑑𝑛 are introduced. 
These probabilistic parameters refer to the relationship between the capacity headroom 
auctioned and the amount of energy that the BESS may expect to be required to provide. An 
analysis of the historical secondary reserve market results is performed to calculate these 
values. In the Portuguese ancillary services market, between 2009 and 2012, these values were 
𝜎𝑢𝑝 = 0.163 and 𝜎𝑑𝑛 = 0.075.  
Implementing this probabilistic approach introduces risks concerning the capability of the 
hybrid system to perform this service when requested by the TSO. Therefore, constraints (Eq. 
4.20)-(Eq. 4.23) regarding the capacity headroom, and constraints (Eq. 4.24)-(Eq. 4.25) 
regarding the expected energy to be provided are established. In (Eq. 4.25) the overcycling of 
the BESS is avoided by limiting the expected energy discharge to a full cycle. Moreover, (Eq. 
4.19) reflects the relationship between the upward and downward secondary reserves 
committed to the market (constraint inherent of the Portuguese market). Further adjustments 
of the battery system’s SoC in order to enable the provision of reserve can be achieved in intra-
day markets, according to the actual usage of the BESS.   
Deviations from the planned hybrid system output are economically penalized according to 
the market price of the reserve that needs to be shifted to compensate the surplus or lack of 
production. The hybrid system is, in addition, penalized according to (Eq. 4.27) if it is not 
capable of following a reserve request from the TSO. 𝛽𝑏2(𝑡) represents such penalty. 
 𝛽𝑏2(𝑡) = 𝐹𝑝𝑒𝑛. ((𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) − 𝑃𝑢𝑝,𝑏2
𝑎𝑐𝑡𝑢𝑎𝑙(𝑡))
+ (𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡) − 𝑃𝑑𝑛,𝑏2
𝑎𝑐𝑡𝑢𝑎𝑙(𝑡))) . ∆𝑡𝑏2
𝑓𝑙 (𝑡). 𝜆𝑆𝑅(𝑡) 
(Eq. 4.27) 
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where 𝐹𝑝𝑒𝑛 is the failure penalty coefficient (e.g. 1.5), (𝑃𝑢𝑝,𝑏2
𝑆𝑅 (𝑡) − 𝑃𝑢𝑝,𝑏2
𝑎𝑐𝑡𝑢𝑎𝑙(𝑡)) + (𝑃𝑑𝑛,𝑏2
𝑆𝑅 (𝑡) −
𝑃𝑑𝑛,𝑏2
𝑎𝑐𝑡𝑢𝑎𝑙(𝑡)) correspond to the difference between the committed capacity headroom and the 
actual capacity headroom that the hybrid system with BESS 𝑏2 is able to provide, and ∆𝑡𝑏2
𝑓𝑙 (𝑡) 
is the proportion of time in which this hybrid system is not able to adequately respond to the 
system operator requests during hour 𝑡. Note that in case more than one renewable promoter 
integrating battery storage is considered, the mathematical formulation in (Eq. 4.17)-(Eq. 4.27) 
is applied independently for each renewable promoter. 
4.4.3. Coordination of battery storage resources 
The objective of the coordination between multiple BESSs is to ensure that the scheduling 
of the existing battery systems not only does not violate operational limits but, moreover, it 
enables their participation and contribution to a more flexible and efficient operation of the 
distribution network. Furthermore, maintaining voltages and currents within limits, while 
providing regulated services to the DSO defers or even avoids other network capacity upgrades 
and reduces distribution network operational costs. Note that the integration of BESSs 
represent an investment per se, although being possibly not performed by the DSO, which only 
would pay for the services of the BESSs. 
The DSO requests for schedule adjustments of the BESSs negatively influence the technical 
and economic optimisation performed locally by each BESS. Therefore, the adjustments 
required by the DSO need to be minimised, particularly adjustments of active power, if an 
adequate coordination is to be achieved. On one hand, the economic value of the storage 
system is mainly determined by its active power schedule. On the other hand, active power 
adjustments influence the SoC of the BESSs, which can result in operational difficulties to 
perform each BESS owner’s intrinsic services. This means that the coordination of the different 
BESSs is performed to the possible extent by the absorption or injection of reactive power. 
Moreover, it is assumed that adjusting the schedules of the BESSs is the option for the DSO in 
the case traditional flexibility means, such as On-Load Tap Changer (OLTC) transformers, are 
not sufficient to maintain network’s voltages within operational limits. The proposed 
coordinated approach is an iterative process, meaning that the adjustment of the schedules of 
the BESSs may imply an additional step of local optimisation of the schedule of the affected 
BESSs. This occurs, particularly, in the cases in which the active power schedule of the BESS is 
adjusted during one or more periods. Nonetheless, in such scenarios, the calculated 
adjustments required from the BESS define new limits of charging and discharging for the 
battery system in each period.  
The nomenclature for the mathematical formulation of the proposed hierarchical 
coordination of battery storage resources is detailed in Table 4.3. 
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Table 4.3. Nomenclature for the mathematical formulation of the problem of coordinating BESSs in 
distribution networks. 
Nomenclature 
Sets: 
𝐵  Set of indices of the BESSs integrated in the distribution network. 
𝐵1  Set of indices of the BESSs integrated by industrial prosumers (subset of 𝐵). 
𝐵2  Set of indices of the BESSs integrated by renewable promoters (subset of 𝐵). 
𝑇 Set of indices of the hourly time periods. 
𝜋  Set of supporting hyperplanes that define the apparent power region. 
Constants: 
𝜆𝑏1
𝑀𝑉(𝑡) Demand charge for the medium voltage connected prosumer integrating BESS 𝑏1 in 
period 𝑡. 
𝜆𝐷𝐴𝑀(𝑡) Day-ahead spot market price in period 𝑡. 
𝜆𝑆𝑅(𝑡) Secondary reserve market price for capacity headroom in period 𝑡. 
𝜆𝑞,𝑏
𝑖𝑛𝑑(𝑡) Cost of absorbing reactive power by the industrial prosumer integrating BESS 𝑏 in 
period 𝑡. 
𝜆𝑞,𝑏
𝑐𝑎𝑝(𝑡) Cost of injecting reactive power by the industrial prosumer integrating BESS 𝑏 in 
period t. 
𝑃𝑠𝑢𝑏
𝑓𝑐 (𝑡) Forecasted active power demand seen from the substation in period 𝑡. 
𝑄𝑠𝑢𝑏
𝑓𝑐 (𝑡) Forecasted reactive power demand seen from the substation in period 𝑡. 
𝑆𝑠𝑢𝑏 Installed capacity in MVA of the primary substation of the distribution network. 
Variables: 
𝑃𝑑𝑛,𝑏
𝑎𝑑𝑗(𝑡)  Downward active power adjustment in period 𝑡 required for BESS 𝑏. 
𝑃𝑢𝑝,𝑏
𝑎𝑑𝑗(𝑡)  Upward active power adjustment in period 𝑡 required for BESS 𝑏. 
𝑃𝑅,𝑏
𝑐𝑢𝑟𝑡𝑎𝑖𝑙(𝑡) Curtailment of active power of the renewable park coupled with BESS 𝑏. 
𝑄𝑏
𝑎𝑑𝑗,𝑖𝑛𝑑(𝑡) Adjustment of the inductive reactive power of the BESS 𝑏. 
𝑄𝑏
𝑎𝑑𝑗,𝑐𝑎𝑝(𝑡) Adjustment of the capacitive reactive power of the BESS 𝑏. 
 
The objective function of the coordinated approach to the integration of battery resources 
is presented in (Eq. 4.28). 
 
min∑(∑ (𝑃𝑑𝑛,𝑏1
𝑎𝑑𝑗 (𝑡) + 𝑃𝑢𝑝,𝑏1
𝑎𝑑𝑗 (𝑡)) . 𝜆𝑏1
𝑀𝑉(𝑡)
𝐵1
𝑏1=1
𝑇
𝑡=1
+ ∑ (𝑃𝑑𝑛,𝑏2
𝑎𝑑𝑗 (𝑡) + 𝑃𝑢𝑝,𝑏2
𝑎𝑑𝑗 (𝑡)) . (𝜆𝐷𝐴𝑀(𝑡) + 𝜆𝑆𝑅(𝑡))
𝐵2
𝑏2=1
+∑𝐿. 𝑃𝑅,𝑏
𝑐𝑢𝑟𝑡𝑎𝑖𝑙(𝑡) + 𝑄𝑏
𝑎𝑑𝑗,𝑖𝑛𝑑(𝑡). 𝜆𝑞,𝑏
𝑖𝑛𝑑(𝑡)
𝐵
𝑏=1
+ 𝑄𝑏
𝑎𝑑𝑗,𝑐𝑎𝑝(𝑡). 𝜆𝑞,𝑏
𝑐𝑎𝑝(𝑡)) 
(Eq. 4.28) 
where 𝑃𝑑𝑛,𝑏
𝑎𝑑𝑗 (𝑡) and 𝑃𝑑𝑛,𝑏
𝑎𝑑𝑗(𝑡) are the downward and upward active power adjustments requested 
to the BESS 𝑏 in period t, respectively; L is a sufficient large number (e.g. order of magnitude 
higher than market prices, for example, 10 times higher) with the purpose of minimising the 
curtailment of renewable production, represented for each renewable source with BESS in each 
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period of time by 𝑃𝑅,𝑏
𝑐𝑢𝑟𝑡𝑎𝑖𝑙(𝑡); 𝑄𝑏
𝑎𝑑𝑗,𝑖𝑛𝑑(𝑡) and 𝑄𝑏
𝑎𝑑𝑗,𝑐𝑎𝑝(𝑡) are the inductive and capacitive reactive 
power adjustments of BESS 𝑏 in period 𝑡. These adjustments are weighted by their cost, 
respectively, 𝜆𝑞,𝑏
𝑖𝑛𝑑(𝑡) and 𝜆𝑞,𝑏
𝑐𝑎𝑝(𝑡), which consider the intrinsic activity of the owner of BESS 𝑏. 
Nonetheless, the active power adjustments include the potential participation of the 
existing BESSs in ancillary services markets. A worst-case scenario is considered, i.e., the BESS 
downward reserve bids are effective and the BESS upward reserve bids are disregarded 
(mitigating the uncertainty of the requests from the TSO). Furthermore, BESSs performing 
critical functionalities such as backup reserve for an industrial prosumer only provide to the 
DSO a limited power and energy capacity for each period of the following day, according to the 
expected local electric demand. The regulated services to be provided are modelled as 
constraints due to the business model that is assumed to be in place (third-party contracted 
services to the DSO). The capacity support service modelled in (Eq. 4.29) consists in 
coordinating multiple BESSs in order to maintain grid assets (such as primary substation 
transformers) within their thermal limits (∀𝑡 ∈  𝑇). 
 
(𝑃𝑠𝑢𝑏
𝑓𝑐 (𝑡) +∑(𝑃𝑑𝑛,𝑏
𝑎𝑑𝑗(𝑡) − 𝑃𝑢𝑝,𝑏
𝑎𝑑𝑗(𝑡))
𝐵
𝑏=1
)
2
+ (𝑄𝑠𝑢𝑏
𝑓𝑐 (𝑡) +∑(𝑄𝑏
𝑎𝑑𝑗,𝑖𝑛𝑑(𝑡) − 𝑄𝑏
𝑎𝑑𝑗,𝑐𝑎𝑝(𝑡))
𝐵
𝑏=1
)
2
≤ 𝑆𝑠𝑢𝑏
2
 
(Eq. 4.29) 
where 𝑃𝑠𝑢𝑏
𝑓𝑐 (𝑡) and 𝑄𝑠𝑢𝑏
𝑓𝑐 (𝑡) are the forecasted active and reactive power demand seen from the 
substation in period 𝑡, respectively. The non-linear behaviour of (Eq. 4.29) is addressed 
implementing the technique described in (Eq. 4.15). The relevance of this service relies not 
only on operational aspects, as it avoids bottlenecks at the primary substation, but also on 
planning aspects as it defers or even avoids upgrading the primary substation capacity. Note 
that, in the planning of operation optimisation, the modelling of this service does not reflect 
active nor reactive energy losses. However, this simplification can be regarded as a security 
margin in order to ensure an adequate response from the BESSs in case of electric demand 
and/or renewable generation forecast errors. Additionally, the adjustments of active and 
reactive power are already subjected to the constraints defined by the outcome of the 
implementation of (Eq. 4.3)-(Eq. 4.16) for industrial prosumers integrating BESSs, and of (Eq. 
4.17)-(Eq. 4.27) for renewable promoters integrating BESSs. Moreover, during closer to real-
time operation, the active and reactive power adjustments are only requested in case the 
violation of operational limits occurs, being these adjustments accurately calculated (i.e., 
considering energy losses) based on a modified Optimal Power Flow technique (described later 
in this section). This approach also allows taking advantage of the different locations of the 
existing battery storage resources. Moreover, the SoC limits of the different BESSs are taken 
into consideration by implementing, for each BESS, the mathematical formulation presented in 
Section 4.4.1 and Section 4.4.2. 
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The reactive compensation service aims at an adequate local management of the reactive 
power by the DSO in order to avoid penalties for a deficient reactive power exchange between 
the distribution network and the upstream network. The reactive power exchange with the 
upstream network is assumed to be reflected in the transmission network. The interaction 
between the DSO and the TSO in terms of reactive power exchange differs according to the 
time of the day. For example, based on the Portuguese regulation, during valley hours (𝑡 ∈ 𝑉) 
the DSO is penalised for injecting reactive power in the transmission network while during non-
valley (𝑡 ∈ 𝑛𝑉) hours the DSO shall maintain tan𝜑 ≤ 0.3. Therefore, the injection and the 
absorption of reactive power from the upstream network are constrained according to (Eq. 
4.30) and (Eq. 4.31), respectively. 
 
𝑄𝑠𝑢𝑏
𝑓𝑐 (𝑡) +∑(𝑄𝑏
𝑎𝑑𝑗,𝑖𝑛𝑑(𝑡) − 𝑄𝑏
𝑎𝑑𝑗,𝑐𝑎𝑝(𝑡))
𝐵
𝑏=1
≥ 0 (Eq. 4.30) 
 
0,3. (𝑃𝑠𝑢𝑏
𝑓𝑐 (𝑡) +∑(−𝑃𝑏,𝑑𝑜𝑤𝑛
𝑎𝑑𝑗 (𝑡) − 𝑃𝑏,𝑢𝑝
𝑎𝑑𝑗(𝑡))
𝐵
𝑏=1
)
≥ 𝑄𝑠𝑢𝑏
𝑓𝑐 (𝑡) +∑(𝑄𝑏
𝑎𝑑𝑗,𝑖𝑛𝑑(𝑡) − 𝑄𝑏
𝑎𝑑𝑗,𝑐𝑎𝑝(𝑡))
𝐵
𝑏=1
 
(Eq. 4.31) 
The formulation in (Eq. 4.28)-(Eq. 4.31) represents the planning of operation of the 
distribution network considering the possibility of a coordinated approach. Nonetheless, the 
objective function and constraints are implemented when performing the operation of the 
distribution network and, therefore, of the existing BESSs, closer to time of delivery. DSO’s are 
obliged by regulation to deliver power within adequate voltage levels according to the standard 
EN50160 (e.g. ±10% of nominal voltage). In fact, surpassing these limits may cause protections 
to trip leading to degraded continuity of service. Moreover, thermal limits of lines and cables 
of the distribution network need to be considered. Therefore, the schedule resulting from the 
local optimisation of each BESS, adjusted by the SSS (presented in Figure 4.2 in Section 4.3.2) 
based on the developed coordinated approach, is validated through power flow analysis that 
includes the detailed model of the MV distribution network. This is performed in the day ahead 
of the actual service delivery, once the schedule of the existing BESSs are locally calculated 
(by the LSS), reflecting, for instance, the timings of their electricity market participation (e.g. 
day-ahead markets close at 12:00 of the day before actual service delivery). It is assumed that 
the adjustments by the SSS dictate the actual bids in the electricity market, i.e., the actual 
participation of the BESSs in electricity markets are previously validated at the distribution 
network level. Moreover, it is assumed that the participation in the different markets is defined 
simultaneously.  
In case any violation of operational constraints such as voltage and/or thermal limits is 
identified, the coordination algorithm implements a modified Optimal Power Flow (OPF) 
technique in order to calculate the additional required adjustments of the active power and 
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the reactive power of the existing BESSs. This OPF problem has the objective of minimising 
generation costs, albeit in the implemented method these generation costs are managed in 
order to provide the required outcome, i.e., the minimum adjustments of the BESSs (and 
renewable sources) to maintain the operational limits of the distribution network. The 
adjustments of renewable sources, the adjustments of battery storage systems and the infeed 
from the upstream of the distribution network are modelled as generators in the OPF 
formulation. Therefore, it is defined that there is no cost associated with the active power and 
the reactive power being fed from the upstream network. Then, progressively higher costs are 
established for the reactive power exchange of the BESSs, the charging and discharging of the 
BESSs, and the active power curtailment of the existing renewable sources (in ascending order 
of the generation costs). Defining these distinct generation costs ensures that the BESSs only 
change their schedule with the minimum required reactive power and with the minimum active 
power (if reactive power adjustments are not sufficient) to perform voltage regulation and 
avoid congestions (renewable curtailment is a last resource of flexibility).  
Furthermore, the costs for the reactive power and the active power exchange are defined 
equal for all the existing BESSs. This cost equality contributes to the minimisation of the 
utilisation of the storage resources for the provision of these services to the DSO as the 
differentiating factor for the usage of the different BESSs is, therefore, related to the location 
of each BESS. For example, in case of a voltage problem, the BESS selected to address this 
operational problem is the BESS, whose reactive power injection/absorption, the busbar 
presenting the voltage problem, reveals the highest voltage sensitivity to (given by the 
electrical characteristics of the distribution network). This modified OPF considers not only the 
operational limits of the distribution network but also the technical limits of the BESSs 
according to the storage capacity that is offered for the optimisation of the distribution 
network, i.e., to perform services to the DSO. 
The modified OPF technique is also applied during the operation of the distribution network 
(e.g. 15 minutes of time resolution), at the SSS level, whenever operational limits violations 
are identified in the operational scenario validation process (also through power flow analysis). 
Nonetheless, closer to time of delivery, the coordination algorithm includes additional 
processes in order to maintain operational limits. Figure 4.3 presents the flowchart of the 
different processes of the coordination algorithm for solving operational constraints violations. 
First, once operational problems are identified, the deviations of the existing BESSs from their 
scheduled active and reactive power outputs are calculated, in order to quantify the available 
storage resources. Then, if any BESS fails in providing their scheduled power exchange (in the 
direction of solving the identified operational problem) in virtue of forecast errors of renewable 
generation and/or electric demand (as this imposes a further adjustment of BESSs to 
compensate these deviations from the forecasted values), the operational scenario is validated 
utilising the scheduled output of the BESSs. In the case this process is not sufficient to solve 
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the previously identified problem, the described modified OPF technique is applied regarding 
the available storage resource in order to calculate and, consequently, to set the adjustments 
of the BESSs. 
 
 
 
Figure 4.3. Flowchart of the coordination algorithm for addressing operational constraints violations 
4.5. Final remarks 
In this chapter, the problem of the integration of battery storage in the operation of 
distribution networks in interconnected and liberalized power systems is addressed. First, a 
thorough literature review regarding the battery storage operation problem is performed, 
particularly regarding state-of-the-art methods that are developed considering the perspective 
of a certain stakeholder of the distribution network. Therefore, the perspective of the DSO (in 
Section 4.2.1.), the perspective of independent storage operators including consumers and 
prosumers (in Section 4.2.2.) as well as the perspective of DG promoters (in Section 4.2.3.) 
regarding the operation of BESSs are detailed, being identified the current research challenges 
of operation tools developed in each of these perspectives. In order to address the identified 
needs of coordination of battery storage while regarding the multifunctional nature of these 
technological solutions, the developed functional architecture for integrating BESSs in the 
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control hierarchy of distribution networks is presented (in Section 4.3.). The underlying 
operation tool, including the developed coordination algorithm, whose principles are based on 
the functional architecture, is described in detail (in Section 4.4). 
Different approaches to the problem of operating BESSs in distribution networks have been 
proposed in the literature. However, these approaches often formulate the operation problem 
in the perspective of a single stakeholder of the distribution network rather than an integrated 
approach that recognizes the fact that the operation of BESSs influences, transversally, the 
operation of different stakeholders. For example, several operation tools based on different 
models and optimisation methods are proposed for a BESS deployed by a renewable source 
promoter. However, the technical and economic impacts of the BESS are not limited to the 
location of the BESS, i.e., the renewable plant, but also influence the distribution network to 
which the hybrid system is connected. These impacts are often not considered nor quantified. 
The opposite occurs when the perspective of the DSO for distribution network operational 
improvement is regarded, as in these cases the local impacts that BESSs can present to different 
stakeholders are not considered. 
The challenge of integrating BESSs in the operation of distribution networks considering 
their local, and their distribution grid impact potential, as well as the possibility of performing 
multiples services to different stakeholders, can be addressed by enabling a coordinated 
operation of battery systems, considering their multifunctional potential. Therefore, this 
chapter details a methodology for the integration of battery storage in the operation of 
distribution networks consisting of a functional architecture and an underlying operation tool, 
which enables a coordinated integration of multifunctional BESSs in Medium Voltage (MV) 
distribution networks. The functional architecture is developed consisting of local functional 
components, the Storage Controller (SC) and the Local Storage Scheduler (LSS), and of a 
centralized functional component, integrated at the primary substation level, the Substation 
Storage Scheduler (SSS). This architecture enables the recognition and the interaction of the 
battery systems with different stakeholders such as the DSO, electricity market operators and 
the TSO. The integration of BESSs in the operation problem is achieved by the implementation 
of the developed functional architecture as well as the underlying mathematical formulation 
for the representation of the coordination problem. The developed method aims at optimally 
utilising the available storage resources in a distribution network to perform regulated services 
to the DSO, in addition to the optimisation of the owners of the BESSs inherent services 
portfolio. The objective of the coordination is to minimise the storage resource needed to 
address operational constraints. Therefore, it considers the local operation of each BESS, the 
technical and economic impacts of adjusting the different schedules of the BESSs, as well as 
the location and operational limits of the battery systems. 
  
 
Chapter 5  
Case study on multifunctional battery 
storage in distribution networks 
5.1. Overview 
The operation algorithm and functional architecture presented in Chapter 4, in conjunction 
with the developed planning framework, detailed in Chapter 3, address the challenge of the 
integration of battery storage in the planning and the operation of distribution networks of 
interconnected and liberalized power systems. Therefore, an advanced methodology for the 
assessment of the potential technical and economic role of Battery Energy Storage Systems 
(BESSs) in present and future distribution networks, when optimally planned and operated, 
result from the association of the developed tools. On one hand, the operational tool enables 
understanding the impacts of the multifunctional and the multi-stakeholder nature of battery 
storage as well as quantifying their technical and economic benefits. On the other hand, the 
planning tool integrates the outcomes of the operation tool, in a perspective of life-cycle 
assessment, in order to optimally size, place and select the technology of a BESS.  
The purpose of this chapter is to validate the developed approach for the integration of 
battery storage in distribution networks, both at the planning and at the operational stage of 
the problem. The methodological developments are validated in a case study of a real Medium 
Voltage (MV) distribution network with two battery systems, one coupled with a wind park, and 
the other deployed by an industrial prosumer. This means that these BESSs are integrated by 
different stakeholders and, consequently, present different operational objectives related with 
the activity of their owner, being these objectives considered in the sizing and technology 
selection at the planning level. The first BESS, integrated by the wind park promoter, has the 
objective of increasing the revenues of its owner by enabling the participation of the BESS in 
multiple electricity markets. The second BESS, integrated by a MV industrial prosumer, presents 
the objective of minimising demand charges while ensuring sufficient reserve to feed the local 
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demand in case of failure in the energy supply from the distribution network. A detailed 
description of the case study is provided in Section 5.2. 
This chapter entails a methodological approach for the validation of the developed 
integration tools for battery storage. This is performed at two distinct levels, one regarding 
the comparison of the distribution network with and without the integration of battery storage; 
and the other regarding the comparison of the technical and economic impacts of BESSs with a 
non-coordinated approach and with a coordinated approach implemented. First, the problem 
of the integration of BESSs is assessed in the perspective of each stakeholder installing a battery 
system, i.e., in this case, the industrial prosumer (in Section 5.3) and the renewable promoter 
(in Section 5.4.). The objective is to adequately size and select the battery technology of the 
BESSs taking into account their technical and economic impacts in the local objectives. 
Additionally, the key technical, economic and technological parameters of the integration of 
battery storage are identified, as well as their impacts in the cycle life of these systems. 
Second, this integration problem of BESSs is addressed considering a broader perspective, i.e., 
considering the coordination of multiple battery systems existing within a distribution network, 
in order to contribute to the objectives of the Distribution System operator (DSO) toward a 
more efficient, reliable and flexible distribution network (in Section 5.5.). Last, the assessment 
of the coordination of BESSs in distribution networks focuses on the opportunity costs for 
battery storage, i.e., the economic effort for battery storage owners to perform services to 
the DSO during the useful life of these systems.  
5.2. Description of the case study 
The case study for the validation of the developed methodologies for the integration of 
battery storage in distribution networks of interconnected and liberalized power systems is 
characterized in detail in this section. The description of the case study consists of the MV 
distribution network characteristics (in Section 5.2.1), the time series of data and their 
application in what concerns the representation of the behaviour of the different resources of 
the distribution network (in Section 5.2.2). Additionally, the different battery storage solutions 
considered in the performed technical and economic assessment are described in detail (in 
Section 5.2.3). The case study aims at providing a detailed representation of distribution 
networks and the problem of the integration of BESSs during a planning horizon of 15 years. 
5.2.1. Characterization of the medium voltage distribution network 
The MV distribution network considered in the case study consists of a primary substation 
that feeds 134 secondary substations through nine radial feeders. The distribution network in 
study, presented in Figure 5.1, is adapted from [157]. This MV distribution network corresponds 
to the 15 kV distribution network of the Faial island, in Azores, Portugal. Although, in reality, 
thermal generators are connected to the primary substation due to the non-interconnected 
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nature of the distribution network, hereafter the primary substation is considered to be a 60 
kV / 15 kV primary substation of a distribution network of an interconnected and liberalized 
power system. 
 
 
Figure 5.1. Medium Voltage distribution network of the case study including the deployed BESSs 
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The primary substation is constituted by two 10-MVA On-Load Tap Changer (OLTC) 
transformers. The characteristics of the transformers are presented in Appendix I. The grid 
does not present any capacitor banks. Additionally, the topology of the grid presented in Figure 
5.1 is assumed constant through time. A general characterization of the feeders and secondary 
substations of the distribution network of the case study is also presented in Appendix I.  
Several adaptations from the real distribution network (in addition to the adaptation of the 
characteristics of the primary substation) are performed. First, this is performed to cope with 
the lack of a completely detailed characterization of the distribution network. Second, this is 
performed to increase the representativeness of the case study when regarding the problem of 
integrating battery storage in liberalized distribution networks. These modifications and 
assumptions concern mainly the allocation, profile and magnitude of the electric demand in 
the distribution network. 
All the existing public secondary substations (see legend of Figure 5.1) are modelled as a 
mix of domestic and commercial loads (75% of domestic load, 25% of commercial load) while 
all the existing final consumer secondary substations are modelled as industrial consumers 
(directly connected to the MV distribution network). Although the number of 
commercial/domestic secondary substations more than doubles the number of industrial 
secondary substation, the installed capacity of both kinds of secondary substation are similar, 
with industrial loads representing 47.3% of the total installed capacity. The total installed 
capacity of a certain kind of load (domestic or industrial) in a feeder as well as the number of 
secondary substations of the same kind of load in the same feeder determine the considered 
installed capacity for each secondary substation. The installed capacity of a 
commercial/domestic load (or industrial load) results from the equal allocation of the total 
installed capacity of that kind of load of the feeder to which the secondary substation is 
connected. 
The industrial prosumer to which the integration of a BESS is studied is located in Feeder 3 
at node N70. The BESS is expected to perform the backup functionality for a period of 30 
minutes based on the average fault probability and fault restoration period in the distribution 
network in study. The peak demand of the load is increased to 3 MW with the PV source of the 
prosumer presenting 1 MW of rated power. The rationale of augmenting the electric load 
magnitude of the industrial prosumer is twofold. First, the problem of integrating the battery 
solution in the perspective of the industrial prosumer is studied, with the objectives of ensuring 
sufficient reserve for the industrial prosumer load and of reducing demand charges. Therefore, 
the scale of the problem is increased so that this problem is representative even disregarding 
the distribution network perspective, also studied in a later stage of the assessment of the case 
study. Second, one of the objectives of the case study is to enable the assessment of the 
benefits and the costs of coordinating multiple BESSs. Thus, the relative magnitude of the 
electric load of the industrial prosumer compared to the installed capacity of the secondary 
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substations of the distribution network needs to be sufficient for the BESS to participate and 
influence the developed coordination approach. This means that, for example, the industrial 
prosumer at node N70 can represent the aggregation of several industrial loads and several PV 
sources.  
The existing wind park presents 4-MW of installed capacity and is connected to Feeder 2, 
the longest feeder of the distribution network, at node N45. The maximum output of the wind 
park surpasses the installed capacity of the electric load of Feeder 2, representing 11.7% of 
the installed capacity of the demand. The possibility of coupling a BESS with the wind park 
(thus being the battery system connected to the same node as the wind park) is assessed in 
this case study. 
5.2.2. Simulation of the distribution network behaviour 
The behaviour of the distribution network, including all its elements and resources such as 
the electric demand and the renewable generation, need to be considered in the case study. 
Not only the actual behaviour of the network needs to be regarded but, also, the forecasted 
behaviour of the network as the operational problem of BESSs in distribution networks 
comprehends different operational stages, from the planning of operation to the actual time 
of delivery operation. Moreover, the simulation of the distribution network behaviour needs to 
regard the 15-year planning horizon considered for the integration problem.  
The simulation of the behaviour of the different elements of the distribution network, from 
renewable generation to demand, including their actual and their forecasted profiles is 
achieved by the implementation of the techniques described in Section 3.4.6. Namely, the 
semi-Markov chain method for the extension of the available time series of data of the different 
electrical quantities, and the Exponential Weighted Moving Average (EWMA) method for the 
application of forecast errors in those time series. 
Iberian electricity market prices, particularly the prices of the day-ahead market for the 
Portuguese control area (that can be different from the market clearing prices if congestions 
occur) from 2009 to 2013 are considered. For the possible participation of battery storage in 
ancillary services markets, particularly secondary reserve markets, data from the Portuguese 
ancillary services market from 2009 to 2013 is considered in this study. Although market prices 
(from the day-ahead market and the secondary reserve market) are considered to be known at 
the moment of the planning of operation of BESSs, the reserve requests from the Transmission 
System Operator (TSO) are not known beforehand.  
The Iberian market and the Portuguese ancillary services market that are modelled in the 
developed approach (presented in Chapter 4) influence the forecast error of renewable 
generation and electric demand, as the moment of the day the market closes defines the 
forecast horizon. The day-ahead market of the Iberian market closes at midday of the day 
before delivery, which means that the forecasts horizon concerns the periods from the hour 13 
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to the hour 36 of the forecast. The forecast error depends of this forecast horizon and of the 
renewable source. It is assumed that for wind sources the forecast error proportionally 
increases between 10 and 30% during the forecast horizon, and for PV sources between 20% and 
50% during the same period [89, 133].  
The demand charges of the industrial prosumer correspond to the Portuguese regulated 
demand charges for consumers connected at the MV distribution grid. Details of the Portuguese 
demand charges schemes are provided in Appendix I. In case the PV generation of the industrial 
prosumer surpasses it electric demand, PV generation is remunerated during such periods at 
the day-ahead market price. This is implemented in order to penalise local excess of energy 
generation, although with this approach PV generation still contributes to the reduction of total 
active energy costs. 
Regarding renewable sources, the distribution network accommodates wind generation and 
PV generation. A time series of a minute sampling rate of instantaneous wind park production 
during a 1-year period is utilised. For the same wind park, a time series of additional 2 years 
of generation on an hourly basis is also considered for the modelling of longer-term variations 
of the wind park production. The wind park presents a capacity factor of about 40%. PV 
production of the considered industrial prosumer is modelled in this case study based on a 1-
year PV production profile with a 1-min time step. The PV source presents a capacity factor of 
18.2%.  
 
 
Figure 5.2. Example of a 2-day active demand allocation in the distribution network 
The electric demand of the distribution network is allocated per secondary substation 
according to the aggregated grid load. The Portuguese active demand profiles that represent 
industrial, commercial and domestic loads in 2012 and 2013 are utilised in this study. The time 
series of data consists of the active power demand pattern of the different kinds of load on a 
15-minute sampling rate. Figure 5.2 presents an example of the results of the active load 
allocation process. A non-working day load profile and a working day load profile are illustrated 
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both at the secondary substations level and at the primary substation level. The reactive power 
allocation considers a constant power factor for each kind of load. It is assumed that cos 𝜑 =
0.85 for an industrial load, and cos𝜑 = 0.90 for a secondary substation aggregating commercial 
and domestic consumers. Load forecast errors are considered to vary linearly between 5% and 
15% for the planning of operation horizon. These values are calculated based on the actual 
forecast errors regarding the total system load, performed by the Portuguese TSO in 2013.  
One of the objectives of the case study is the validation of the developed methodology for 
the coordination of multifunctional BESSs in distribution networks. However, the need for 
coordination only occurs in case of operational constraints violation (during near real time 
operation) or of possibility of violation (during the planning of operation). Therefore, the 
magnitude of the maximum active electric demand of the distribution network disregarding 
losses is adjusted to 10 MW, i.e., the equivalent to the capacity of one of the transformers of 
the primary substation. Additionally, a yearly electric demand growth of 2% is considered.  
5.2.3. Characterization of the battery storage solutions 
Several technological solutions of battery systems are considered in the case study. The key 
parameters of these solutions including their modularity (that also corresponds to the starting 
size of the battery system in the search for the optimal solution) are presented in Table 5.1. 
These battery storage options are based on the technological solutions presented in [32, 33, 
63], which are Li-ion based, Lead-acid based and NaS based battery systems.  
The rationale of the preselection of battery technologies is the existence of a panoply of 
battery technologies, presenting some battery technological families such different Li-ion 
battery based solutions with significantly distinct characteristics. Therefore, the performed 
preselection has the objective of representing the spectrum of commercially available battery 
solutions. Battery technologies encompassing a wide range of C rates, i.e., power limits to 
storage capacity ratios are included, so that the more adequate relation of key sizing 
parameters for a given set of services is made evident in the sizing process. Moreover, the 
preselected battery technologies present different cycle life, as well as investment and 
maintenance costs. Therefore, these technologies enable assessing the impacts of such 
parameters and enable identifying the predominant parameters (e.g. if investment costs are a 
more determining factor in the sizing of battery storage than their cycle life). 
In the economic assessment of the BESSs, the financial indices of the real discount rate and 
the inflation rate are assumed 8% and 2%, respectively [32]. The storage capacity decay 
presented in Table 5.1 for each considered battery technology translates the value of the 
degradation estimated by the battery technologies’ manufacturers considering the battery’s 
cycle life curve (also represented in Table 5.1). Nonetheless, the End of Life (EoL) of all battery 
devices is assumed to be reached when their degradation leads to the loss of 20% of their initial 
storage capacity [32]. 
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Table 5.1. Characteristics of the considered BESSs technological solutions 
Technology  
(solution) 
Li-ion 
(s1) 
Li-ion 
(s2) 
Li-ion 
(s3) 
Lead-acid 
(s4) 
NaS 
(s5) 
Modularity 
Charge  
(kW) 
250 500 1 500 200 100 
Discharge 
(kW) 
750 1 000 1 500 300 100 
Storage 
capacity 
(kWh) 
500 500 500 600 750 
Useful SoC 90% 80% 80% 80% 80% 
Cycle life 
(number @ 
%DoD) 
100% DoD 3 500 2 000 2 000 1 000 2 500 
75% DoD 4 500 3 500 4 000 3 000 4 500 
50% DoD 9 000 7 000 8 000 6 000 10 000 
25% DoD 30 000 25 000 20 000 12 000 20 000 
10% DoD 100 000 80 000 60 000 20 000 50 000 
Storage capacity decay 25% 40% 30% 30% 20% 
Calendar life 15 yrs 10 yrs 10 yrs 10 yrs 15 yrs 
Round-trip efficiency 90% 85% 90% 80% 80% 
Investment cost (€/kWh) 2 000 1 750 2 250 750 600 
Maintenance costs  
(% of CAPEX/year) 
3.5% 2% 2% 2% 2% 
Battery device cost (€/kWh) 1 000 800 1 000 500 400 
5.3. Battery storage integration by the industrial prosumer 
The developed methodology for the integration of battery storage in distribution networks 
is implemented in the perspective of the industrial prosumer, i.e., with the objective of 
maximising the cost-effectiveness of its activity, without considering, at the planning stage, 
the participation of the BESS in the coordinated hierarchical operation of the distribution 
network. The inputs of the Cost-Benefit Analysis (CBA) of each battery system considered in 
the search for the optimal solution, particularly the economic benefits of the BESS are case 
dependent. While the costs of integrating storage are inherent to the battery system, the 
economic benefits are related to the objectives of the integration of the BESS. In this case, the 
benefits of the BESS depend of the reduction of demand charges that the BESS allows and 
depend of the value that the backup functionality represents to the industrial prosumer.  
5.3.1. The optimal BESS in the perspective of the industrial prosumer 
The economic value of the backup functionality depends of several factors. These are 
related, on one hand, with the activity of the industrial prosumer, namely the value the 
industrial processes that are affected by the lack of electricity supply; and, on the other hand, 
by the number and duration of services interruption which are associated to the reliability of 
the distribution network. Therefore, the optimal solution, in the perspective of the industrial 
prosumer, is considered to be the BESS that requires the backup functionality to represent the 
lowest economic value in order to achieve cost-effectiveness. Nonetheless, the calculation of 
this value takes into consideration the economic benefits resulting from the reduction of 
demand charges. 
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5.3.1.1. Sizing and technology selection of the BESS 
The need of providing industrial load backup reserve during a period of 30 minutes defines, 
a priori, a minimum theoretical size for the BESS. Once the BESS is expected to be capable of 
ensuring the fulfilment of the backup reserve functionality at any period of time, the minimum 
discharge power of the battery system corresponds to the peak electric demand of the 
industrial load, i.e., 2.7 MW (PV power is not taken into consideration due to the uncertainty 
of its availability). Therefore, the minimum theoretical size of the BESS is 1350 kWh of storage 
capacity and 2700 kW for discharging (requirements for charge power are inexisting). However, 
the minimum storage capacity depends of the inherent characteristics of each battery 
technology such as the charging/discharging efficiencies, the useful SoC, the modularity of the 
battery device, and the cycle life. The minimum size is calculated so that the battery device 
of each BESS is only replaced at the end of their calendar life (the effect of the cycles required 
by the backup functionality in the degradation of the BESS is disregarded in virtue of the small 
number of cycles estimated). The additional storage capacity is utilised to reduce demand 
charges. The minimum size of each considered battery technology determines the initial 
starting point of the search for the optimal solution. Table 5.2 presents the minimum size of 
the BESS according to the battery technology in which it is based, with and without the effect 
of modularity. 
 
Table 5.2. Minimum size of the BESS according to the battery technology 
Technology  
(solution) 
Li-ion 
(s1) 
Li-ion 
(s2) 
Li-ion 
(s3) 
Lead-acid 
(s4) 
NaS 
(s5) 
Minimum 
size 
without 
effect of 
modularity 
Charge  
(kW) 
- - - - - 
Discharge 
(kW) 
2 700 2 700 2 700 2 700 2 700 
Storage 
capacity 
(kWh) 
2 315 2 920 2 604 3 296 3 296 
Minimum 
size 
considering 
the effect 
of 
modularity 
Charge  
(kW) 
1 250 3 000 9 000 1 800 2 700 
Discharge 
(kW) 
3 750 6 000 9 000 2 700 2 700 
Storage 
capacity 
(kWh) 
2 500 3 000 3 000 5 400 20 250 
 
The inherent characteristics of battery storage lead to the need of oversizing BESSs in order 
to fulfil the minimum technical size required to perform the backup reserve functionality. 
While the discharging efficiency and the useful SoC increase the minimum storage capacity of 
the battery system, the discrete nature of the modularity of BESSs can imply the oversizing of 
the storage capacity as well as the charging/discharging power limits of BESSs. The extent of 
the oversizing of the battery system depends of the discharging power versus energy ratio (i.e., 
C rating for discharging) of the battery technology. Li-ion based BESSs have the number of 
battery modules dictated by the minimum storage capacity required in virtue of their higher C 
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rating for discharging (>1C). On the contrary, technologies with a lower C rating for discharging 
such as Lead-acid and NaS have their minimum size determined by the required discharging 
power. Particularly, the NaS BESS with the minimum size to adequately perform the backup 
reserve functionality presents a storage capacity more than six times larger than its technical 
minimum due to the low power to energy ratio (i.e., 0.13C for discharging). 
The implementation of the developed methodology for the integration of a BESS connected 
to the industrial prosumer reveals that the optimal BESS solution, in this case study, is a Lead-
acid battery (solution s4 in Table 5.1) with 5400 kWh, 1800 kW of charging power, and 2700 kW 
of discharging power limits. This battery system is the solution that requires the minimum 
revenue from the backup reserve functionality in order to achieve cost-effectiveness (i.e., NPV 
>0). The technical characteristics and economic assessment of the optimal BESS based on each 
battery technology are summarised in Table 5.3.  
The optimal size of the battery system based on each considered technology corresponds to 
the minimum calculated size, as presented in Table 5.2. However, the power limits of the Li-
ion based BESSs are limited by the converter capacity of 3 MVA. The capacity of the converter 
is determined considering the peak demand (in apparent power) of the industrial prosumer. A 
larger capacity would lead to a higher investment cost in spite of the extra capacity not being 
utilised due to operational constraints and its potential benefits not being reflected in 
economic revenues.  
 
Table 5.3. Sizing and economic assessment of the optimal battery solution per technology 
Technology  
(solution) 
Li-ion 
(s1) 
Li-ion 
(s2) 
Li-ion 
(s3) 
Lead-acid 
(s4) 
NaS 
(s5) 
Size of 
optimal 
solution 
Charge (kW) 1 250 3 000 3 000 1 800 2 700 
Discharge (kW) 3 000 3 000 3 000 2 700 2 700 
Converter 
capacity (kVA) 
3 000 3 000 3 000 3 000 3 000 
Storage 
capacity (kWh) 
2 500 3 000 3 000 5 400 20 250 
Number of modules 5 6 6 9 27 
Investment costs (k€) 5 000 5 250 6 750 4 050 12 150 
Maintenance costs (k€/yr) 175 105 135 81 243 
Average demand charges 
reduction (k€/yr) 
206.2 209.6 215.3 255.3 340.9 
Minimum revenue from the 
backup functionality for cost-
effectiveness (k€/yr) 
564.7 629.7 859.9 434.3 1 349.9 
 
Results show that, despite the required initial oversizing of the optimal solution (s4 – Lead-
acid), the lower investment costs are the parameter of the integration of BESSs for the 
addressed challenges that are predominant in the definition of the optimal BESS. This occurs 
in spite of the need of replacing the battery device of the Lead-acid BESS at year 10 of the 
planning horizon, on the contrary of, for example, the Li-ion BESS (solution s1) that presents a 
calendar life of 15 years. Furthermore, the additional demand charges reduction that result 
from the increase in the storage capacity of battery systems during the planning horizon are 
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not sufficient to surpass their life-cycle costs. This highlights, on one hand, the preponderance 
of investment costs and, on the other, the limited exploitation of the demand charge 
differences during the day that BESSs are capable of performing. Figure 5.3 presents the 
additional economic value from per additional unit of storage capacity for the considered 
battery technologies (starting from the calculated minimum size). 
 
 
Figure 5.3. Evolution of the unitary value of BESSs per storage capacity 
The addition of one module to the BESS with the minimum size, independently of the battery 
technology, results in a significant decrease of the economic value per storage capacity. The 
rationale of this decrease is the lack of further revenues resulting from the reduction of demand 
charges related to the consumption of reactive energy. This means that the BESS with the 
minimum size is capable of maximising the reduction of reactive energy demand charges and, 
therefore, the additional revenues result only from the reduction of peak demand and active 
energy. Moreover, the additional storage capacity only enables between 0% and 2.2% of the 
required additional revenues in order to justify the additional investment cost. This means that 
current investment costs would have to be extremely reduced in order to enable the cost-
effective deployment of battery systems with the purpose of reducing demand charges of an 
industrial prosumer. Particularly, for the NaS based BESSs the addition of storage capacity does 
not result in additional revenues. This occurs in virtue of the combination of three factors: the 
round-trip efficiency, the large storage capacity of this battery system and the structure and 
value of the tariffs applied to MV consumers. In fact, the minimum size of the NaS BESS enables 
the battery system to maximise its value in the limited number of periods in which the NaS 
BESS can present additional benefits. This number of profitable periods is dictated by the 
differences in tariffs between different demand periods (e.g. super-valley, peak) and the 
round-trip efficiency of the battery system. In the case of this battery system, it is only cost-
effective to shift electric demand from super-valley periods to full and peak demand periods. 
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Moreover, results show that the NaS BESS with the calculated minimum size is not fully utilised 
as the maximum SoC of the BESS is 92%. This leads to a further underutilisation of the battery 
system when storage capacity is added. 
5.3.1.2. Performance analysis of the optimal solution 
The optimal BESS solution (s4 – Lead-acid, 5400 kWh, 2700 kW [discharge], 1800 kW 
[charge]) due to its multifunctional behaviour (backup reserve, demand charges reduction, PV 
intermittency response) presents significant technical and economic impacts in the operational 
performance of the industrial prosumer. Table 5.4 details a quantitative assessment of the 
performance of the optimal BESS during the first year of the planning horizon in comparison 
with the performance of the industrial consumer (i.e., without PV generation and without the 
BESS) and the industrial prosumer (i.e., with PV generation although without the BESS).  
 
Table 5.4. Performance analysis of the impact of PV generation and the optimal BESS 
Parameter 
Industrial 
Consumer 
Industrial 
Prosumer 
Industrial Prosumer  
with optimal BESS 
Peak demand (kW) 2 700 2 565 2 548 
Total consumption (GWh/yr) 10.36 8.34 8.66 
PV generation (GWh/yr) -  2.03 2.03 
Contracted Power (kW) 2 700 2 565 2 548 
Contracted Power costs (k€/year) 46.2 43.9 43.6 
Active energy costs (k€/yr) 1 017.5 807.2 775.7 
Reactive energy costs (k€/yr) 85.2 152.8 - 
Peak power costs (k€/yr) 174.7 132.8 62.2 
Total demand charges (k€/yr) 1 323.6 1 136.8 881.5 
Average cost per kWh (€/kWh) 0.120 0.118 0.102 
Excess electric energy (MWh) - 9.97 - 
Without grid consumption (% of time) - 1.37 3.94 
 
Regarding the impacts of integrating PV generation, it is noticeable that the main benefits 
for the industrial prosumer consist of the reduction of peak power costs and the reduction of 
active energy costs as a consequence of the reduction of peak demand and total yearly 
consumption. In fact, PV generation allows the industrial prosumer to operate without grid 
consumption during 120 hours of the year (1.37% of time). However, a small portion of PV 
generation (i.e., 9.97 MWh) exceeds local consumption. Moreover, PV generation leads to an 
increase in reactive energy costs in virtue of reducing the industrial prosumer’s power factor.  
The deployment of the optimal BESS enables further reduction of peak power costs and 
active energy costs. Moreover, a significant portion of the benefits of the Lead-acid BESS results 
from compensating reactive power and, thus, avoiding reactive energy costs. Moreover, the 
battery system avoids the spilling of PV generation by charging when needed and allows the 
operational without distribution grid consumption during 345 hours of the year (equivalent to 
more than 14 days). Nonetheless, the integration of the BESS leads to an increase in the total 
yearly consumption of the industrial prosumer due to the energy losses of the 
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charging/discharging cycles of the battery system. In fact, energy losses related with the 
operation of the BESS are about 320 MWh/year. This diminishes the potential impact of the 
BESS in the reduction of demand charges. 
The reduction of demand charges enabled by the Lead-acid BESS result from shifting 
consumption from periods with higher energy prices (peak and full-load periods) to periods 
with lower energy prices (valley and super-valley periods). Figure 5.4 presents the consumption 
in the different demand charge periods in the scenarios with and without PV and with and 
without the optimal BESS. Results show that about half of the total consumption of the 
industrial consumer (without PV and without BESS) occurs in the full-load period. This is the 
demand charge period in which PV generation most often occurs, leading to a significant 
consumption reduction. However, this is not the demand charge period to which the BESS 
predominantly shifts electric energy. Instead, the battery system tackles consumption during 
peak periods, i.e., periods in which the demand charge is higher. This is performed at the 
expense of increasing electric demand during valley periods and, particularly, super-valley 
periods. Furthermore, the reduction of the consumption during full-load periods provided by 
the BESS is limited. This occurs in virtue of the higher backup reserve requirements during 
these periods, which limits the available storage capacity for demand charges reduction. 
    
 
Figure 5.4. Consumption distribution by demand charge period of the industrial consumer with and 
without PV and with and without the optimal BESS 
The performance of the industrial prosumer with the optimal BESS results from the charging 
and discharging of the BESS when it is technically and economically more appropriate. The 
battery system is required to accomplish three different types of charging/discharging cycles 
that are related with the three functionalities that it is expected to perform. The cycles 
required to perform the backup reserve functionality are not considered. The cycle life of the 
BESS determines the moment in time in which the battery device achieves its End of Life (EoL). 
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The Lead-acid BESS is expected to perform 6799 partial cycles per year. However, the majority 
of the cycles present a small Depth of Discharge (DoD) that are cycles performed to address 
the intermittency of PV generation. In fact, 90.3% of the partial cycles present a DoD smaller 
than 2.5%. Regarding the optimal BESS, the number of cycles per DoD range higher than 2.5% 
in the first year of the planning horizon is presented in Figure 5.5. Results show that the need 
to perform cycles with a large DoD is limited. For example, the number of cycles with a DoD 
larger than 30% is 350, which is lower than a partial cycle per day. The maximum DoD is not 
defined by the useful SoC of the BESS. Instead, it is defined in each period of time by the 
minimum SoC and the backup reserve requirements, limiting the maximum DoD. Moreover, this 
also reflects the average SoC of the battery system, which is 62%. This cycle life profile of the 
BESS leads to a more reduced degradation of the battery performance over time in virtue of 
the shallower DoD of the performed cycles (7.9% of damage per year on average, 100% means 
a 20% reduction of the available storage capacity). Therefore, the battery device of the optimal 
solution is replaced at the end of year 10 of the planning horizon. Nonetheless, these 
charging/discharging cycles enable a 92.8% effectiveness of the optimal BESS, i.e., the battery 
system is capable of firming PV generation and fulfilling the scheduled profile for demand 
charges minimisation in 92.8% of the times the BESS is expected to charge or discharge. 
 
 
Figure 5.5. Number of cycles per Depth of Discharge of the optimal BESS in the first year of operation 
5.3.2. Operational impacts of the optimal battery system 
A more detailed analysis of the operational performance of the optimal battery system is 
performed based on the simulation of six days of operation of the industrial prosumer (the 
coordinated approach enabled by the implementation of the developed methodology is not in 
place). The time-series comprise three consecutive days, one non-working day and two working 
days, during winter season (higher electric demand, lower PV generation) and three 
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consecutive days, one non-working day and two working days, during summer season (lower 
electric demand, higher PV generation). Figure 5.6 presents the total active demand and the 
net demand, i.e., the electric load seen at the Point of Common Coupling (PCC) of the industrial 
prosumer, in the scenarios with and without BESS. 
 
 
(a) 
 
 
(b) 
Figure 5.6. Impact of the BESS in the net demand of active power of the industrial prosumer (a) two 
winter days; (b) two summer days. 
PV generation occurs during the periods of peak electric demand of the industrial prosumer 
which, on one hand, allows the generated energy to be fully translated into reduction of net 
demand and, on the other, allows a significant reduction of demand charges. However, the 
intermittent nature of PV generation leads to a net demand profile that presents higher 
fluctuations during the day as well as significant intra-hour variations. This emphasises the 
additional challenges caused by the presence of PV generation to the operation of the electric 
grid to which the industrial prosumer is connected. Nonetheless, this intermittency of PV 
generation is not reflected in the electric bill of the industrial prosumer as demand charges 
depend of the average peak power and the total energy consumed in 15-minutes intervals. 
Moreover, electric demand and PV generation during the winter season (Figure 5.6 (a)) do not 
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match the demand charge periods for peak demand (although it partially matches with peak 
periods during summer season, Figure 5.6 (b)). This means that PV generation does not 
minimise demand charges according to its maximum potential. 
The integration of the optimal BESS presents two main effects in the behaviour of the 
industrial prosumer. These effects are further depicted for the six days in analysis in Figure 
5.7, where the PV generation profile, the BESS charging/discharging pattern and their 
combined output (PV generation with BESS output) are presented.  
 
 
(a) 
 
 
(b) 
Figure 5.7. Contribution of the BESS in addressing PV intermittency and in reducing demand charges (a) 
three winter days; (b) three summer days 
First, the battery counteracts the intermittency of PV generation, firming its output in order 
to follow a generation profile defined in the day-ahead planning of operation. The forecast of 
PV generation is adjusted to take into account the energy losses associated with the 
charging/discharging required cycles of the BESS and its initial SoC. This enables a combined 
profile that is more predictable and more controllable, potentially reducing the need of 
adjustments from the electric grid to which the industrial prosumer is connected. Second, it is 
noticeable the increase of net demand due to the charging of the BESS in periods of low electric 
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demand which correspond to the periods with the lowest demand charges. In fact, the charging 
of the BESS in conjunction with the existing electric load leads to a peak demand higher than 
the daily peak demand (however lower than the yearly peak demand). Nonetheless, the daily 
peak demand with the BESS occurs in periods of reduced demand charges and valley load 
periods in the distribution grid.  
The BESS time shifts the electric energy to periods with higher demand charges (as the goal 
is the minimisation of demand charges). As aforementioned, during winter this energy shift 
occurs from peak periods to non-peak periods. On one hand, this limits the demand charges 
reduction provided by the BESS and an underutilisation of its discharging power limits. On the 
other hand, this behaviour extends the periods of time in which the industrial prosumer does 
not present consumption from the grid (i.e., net demand equals zero). However, during summer 
the battery system is capable of leveraging the value of PV generation in order to minimise net 
demand during periods of PV generation and high electric demand, taking advantage of the 
simultaneous occurrence of the daily peak demand and the demand charge of the peak period. 
 The battery system is not capable of following, in all the periods, its scheduled 
charging/discharging profile, defined in the day-ahead planning of operation, during the 
operation closer to the time of delivery. This is perceptible, for example, in the end of the 
second presented day in winter (between hour 20 and hour 22), and during PV generation 
periods (between hour 14 and hour 16) of the third presented day in summer season. The 
reasons for this behaviour are twofold. First, there is a discrepancy between the time resolution 
of the planning of operation optimisation stage (1-hour time resolution) and the time resolution 
of the performed simulation of operation. This means that the battery system may not be 
capable of firming the planned combined profile in virtue of intra-hour variations of PV 
generation and electric demand and, also, due to forecasting errors in which the definition of 
the schedule of the BESS is based. Once the SoC of the BESS results from the consecutive 
processes of charging and discharging, the battery system can reach its SoC limits and, 
therefore, may not be able to follow its scheduled output profile, which maximises demand 
charges reduction. The evolution of the SoC of the optimal BESS during the six days in analysis 
as well as the minimum SoC for backup reserve provision are presented in Figure 5.8.  
Second, an inadequate estimation of the energy required to respond to the intermittency 
of PV generation can, on one hand, lead the BESS to reach its SoC limits, meaning that the 
battery system is only capable of responding to PV intermittency in one fluctuation direction; 
and on the other hand, can result in a SoC that is insufficient to adequately discharge in the 
periods subsequent to the PV intermittency response. This, together with the intra-hour 
variations of electric demand, results in different relations between electric demand and local 
generation as well as different energy requirements to perform the backup reserve 
functionality. Therefore, this leads to an economically suboptimal utilisation of the storage 
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resource as the battery system is not capable of minimising demand charges during these 
limited periods of time (effectiveness of the optimal BESS is 92.8% at BoL).  
 
 
(a) 
 
 
(b) 
Figure 5.8. State of Charge of the BESS and the minimum SoC for backup reserve provision (a) three 
winter days; (b) three summer days 
The BESS is capable of adequately fulfilling the local needs of reactive power and, thus, 
mitigate the demand charges related with the consumption of reactive energy. Figure 5.9 
illustrates the effect of the BESS in the net demand of reactive power. Results show that the 
BESS, in addition to addressing the intermittency of PV generation while maintain the minimum 
SoC to perform the backup reserve functionality, ensures a unitary power factor during all 
periods of time. 
Battery storage integration by the industrial prosumer 
135 
 
Figure 5.9. Impact of the optimal BESS in the net demand of reactive power during three winter days 
5.3.3. Sensitivity analysis to key integration parameters 
The base case results regarding the integration of battery storage by an industrial prosumer 
reveal that several key integration parameters influence the capability of the BESS to 
counteract the intermittency of PV generation and firm the combined profile according to the 
day-ahead planned profile. Also, these parameters influence the potential benefits concerning 
the reduction of demand charges that can be achieved in the intra-day operation of the battery 
system. These parameters include the storage capacity decay of the BESS during the planning 
horizon, its round-trip efficiency, and the approach to the implementation of the functionality 
of PV intermittency response. Table 5.5 presents the technical and economic impacts of these 
parameters in the performance of the BESS selected as the optimal solution in the base case. 
 
Table 5.5. Impact of degradation, round-trip efficiency and PV generation intermittency in the 
performance of the optimal BESS 
Scenario/Parameter 
Demand charges 
reduction (k€/yr) 
Number 
of 
cycles 
(nr/yr) 
Effectiveness of 
the BESS (% of 
required 
adjustments) 
Without grid 
consumption 
(% of time) 
Base case – BoL of the BESS 255.3 6 799 92.8 3.94 
Base case – EoL of the BESS 237.1 7 132 92.6 3.34 
Round-trip 
efficiency 
70% 233.7 7 297 91.9 3.46 
90% 276.4 6 692 93.7 4.60 
PV 
generation 
intermittency 
Without BESS 
response 
263.2 422 85.1 6.51 
Not considered  
in the day-
ahead planning  
265.7 6 662 86.5 4.57 
 
Results show that the degradation of the storage capacity of the BESS is reflected in a lower 
reduction of yearly demand charges as well as in a lower effectiveness of the BESS in following 
the planned profile as a smaller percentage of time in which the industrial prosumer does not 
present consumption from the distribution grid. However, the increase of demand charges is 
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of 7.13% once the reduction of costs related to the consumption of reactive power, which 
represent a significant portion of demand charges reduction (about 60%), is still mitigated. 
The charging and discharging efficiencies of the BESS present two main effects in the 
performance of the considered functionalities of the BESS that are related with the energy that 
is required for the backup reserve functionality and with the energy losses resulting from 
charge/discharge cycles, further aggravated by the need to address the intermittency of PV 
generation. A lower round-trip efficiency (e.g. 70%) leads to a higher requirement of SoC of 
the BESS, diminishing the storage capacity available for the other functionalities. 
Consequently, the technical and economic benefits that the BESS is capable of providing 
decrease. This is further perceptible with the augment of the energy losses resulting from the 
charging and discharging of the BESS which is reflected in a higher total consumption of the 
industrial prosumer (in spite of a more reduced portion of the storage capacity being available 
for PV intermittency response and demand charges reduction, the number of cycles required 
increases which counteracts this effect). Moreover, for a lower round-trip efficiency, the same 
charging/discharging cycle results in a higher variation of the SoC of the BESS. This leads to a 
more reduced capability of the BESS to ensure the combined system to follow the profile 
calculated in the day-ahead operational optimisation, particularly in the periods of time 
subsequent to periods of PV generation. The opposite occurs when the round-trip efficiency of 
the BESS is higher (e.g. 90%).  
Two additional scenarios with different approaches to the operation of the BESS in what 
concerns the intermittency of PV generation are assessed. In the first scenario, the battery 
system does not respond to the intra-hour fluctuations of PV generation, although it ensures 
during operation that the combined output (PV generation with BESS discharge) does not 
surpass the industrial electric demand. As expected, in this scenario it is verified a significant 
reduction of the number of cycles the BESS is required to perform. This enables an increase in 
the demand charges reduction in virtue of the 73% reduction of the energy losses related with 
the charging/discharging cycles of the BESS. However, the effectiveness of the BESS is limited 
in this scenario, particularly during summer where the higher PV generation matches the 
periods with the highest tariff. This is because the BESS is not able to follow the planned output 
profile due to the fluctuations of PV generation that limit the extent to which the BESS can 
discharge. 
In the second scenario, the BESS addresses PV intermittency, although the adjustment of 
the forecasted profile in order to take into consideration the energy losses that result from the 
charging/discharging to compensate PV generation variations is disregarded. In this scenario, 
the decrease of the capability of the BESS to mitigate the intermittency of PV generation is 
compensated by an increase in the reduction of the demand charges of the industrial prosumer. 
Therefore, there is a trade-off between these two objectives of the BESS. In order to maximise 
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the economic value of the integration of the BESS the response to the intermittency of PV 
needs to be limited, as its technical benefits are not translated into economic benefits.    
5.4. Renewable promoter integrating battery storage 
The developed methodology for the integration of BESSs in distribution networks is applied 
to the 4-MW wind park considering the perspective of the wind park promoter (described in 
Section 5.2). This means that, at this stage, the objective of the integration of a battery system 
is the maximisation of the revenues from the activity of the renewable promoter, without 
considering the participation of the BESS in the coordinated hierarchical operation of the 
distribution network.  
5.4.1. The optimal BESS in the perspective of the wind park promoter 
The optimal BESS in the perspective of the wind park promoter is the battery solution that 
provides the highest added value with the included functionalities, taking into account its 
integration costs. For the optimal sizing and technology selection of the BESS, the economic 
benefits of integrating battery storage concern the additional revenues or cost reduction 
allowed by the BESS from the participation of the wind park in the day-ahead spot market. 
Moreover, it is considered that the integration of the BESS enables the participation of the 
hybrid system (wind park with BESS) in the ancillary services market, particularly in the 
secondary reserve market. Therefore, the added value of the BESS results from the comparison 
of the wind park performance with and without the BESS.  
5.4.1.1. Sizing and technology selection of the optimal solution 
The selection of the BESS solution presenting the highest NPV for the addressed problem, 
and considering the described base values for the different technical and economic parameters 
(in Section 5.2), results from the optimal battery technology and optimal size search process. 
Figure 5.10 shows a sample of this search process (25 solutions), comparing the NPV of installing 
battery systems different in technology and size. With the increase of the number of modules, 
for all studied battery technologies, the NPV of the battery solutions is lower. This means that 
the additional costs (capital cost and maintenance costs) of an extra module reveal to be higher 
than the additional benefits resulting from the extra power and storage capacity. 
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Figure 5.10. Optimal size and technology search for battery systems coupled with the wind park 
In consequence of the integration costs impact of the battery systems, the solutions that 
present the lowest investment cost per unit of storage capacity (i.e., €/kWh), and the lowest 
total investment cost, are the most cost-effective. These solutions consist of Lead-acid based 
and NaS based battery systems, with one module. Moreover, it is perceptible that BESSs with a 
lower power to energy ratio (i.e., with longer charge/discharge durations) tend to present a 
larger economic output. For example, consider the comparison between a Lead-acid based 
battery system with one module (180 kW of charge power, 300 kW of discharge power, 600 kWh 
of storage capacity) with a NaS based battery system with one module (100 kW of charge power, 
100 kW of discharge power, 750 kWh of storage capacity). These systems (see Table 5.1 in 
Section 5.2) present the same investment costs (i.e., 450 k€) and yearly maintenance costs (9 
k€/year). The NaS BESS, although presenting lower charging and discharging power limits, 
demonstrates that the larger storage capacity contributes further to the benefits that the BESS 
is capable of providing (+12k€ in the first year of the planning horizon). Note that both BESSs 
present similar round-trip efficiencies (i.e., 80%) and a similar range of useful SoC (i.e., 80%). 
The discrepancy of the NPV between these two solutions is aggravated by the larger 
degradation over time of the Lead-acid based BESS, which leads to the need of replacing the 
battery device at year 10 of the planning horizon. On the contrary, the useful life of the NaS 
BESS is dictated by its calendar life, meaning that this battery solution only reaches its EoL at 
the end of the planning horizon. 
In fact, the optimal solution resulting from the implementation of the developed 
methodology, in this case study, is the NaS battery (solution s5 in Table 5.1), with 750 kWh of 
storage capacity, and with 100 kW of charging and discharging power. The main technical and 
economic parameters and performance indicators of the deployment of this BESS solution are 
presented in Table 5.6.  
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Table 5.6. Technical and economic summary of the optimal BESS solution 
Technology 
(solution) 
NaS 
(s5) 
Power limits 
Charging 100 kW 
Discharging 100 kW 
Storage Capacity 750 kWh 
Investment cost 450 k€ 
Maintenance 9 k€ 
Average benefits 64 k€ 
Net Present Value 77.6 k€ 
Internal Rate of Return 10.6% 
Pay-back time Year 12 
Increase of the time without market penalties for deviations from 
forecasted generation (percentage points – p.p.) 
7.4 p.p. 
Reduction of the yearly RMSE of generation forecast – only day-ahead 
market participation (percentage points – p.p.) 
1.0 p.p. 
Effectiveness of the participation in the secondary reserve market 50.2% 
 
The relative size of the optimal BESS is small when compared to the installed capacity and 
average daily generation of the wind park. The charging and discharging power of the BESS 
represents only 2.5% of the installed capacity of the wind park, meaning that it is only capable 
of firming the wind park output, i.e., ensuring a combined output similar to the generation 
forecast, for RMSE equal or inferior to 2.5%, which only occurs 14.4% of the time (without the 
BESS). Additionally, this can only be performed during a limited period of time as the storage 
capacity of this BESS is equivalent to 1.89% of the average daily generation of the wind park. 
In spite of presenting the best performance in the CBA, the optimal BESS presents 
significantly limited technical impacts, particularly in what concerns the mitigation of wind 
generation deviations from the forecasted generation. In fact, this economically optimal 
solution is only capable of reducing the RMSE of the generation forecast in 1 p.p., from 18.3% 
to 17.3%. This performance in the mitigation of generation forecast errors is reflected in an 
increase in the percentage of time in which the renewable promoter is not penalised for 
deviations of the generation output from its day-ahead forecasted values. Without the 
integration of BESSs the percentage of time without market penalties is 18%. With the optimal 
BESS, the percentage of time without market penalties is increased to 25.4%. Moreover, the 
effectiveness of the BESS in the secondary reserve market participation is reduced. This means 
that the BESS is limited to ensuring that the combined output of the hybrid system is equal to 
its forecasted value plus the requested reserve in periods of time in which the hybrid system 
is requested to perform this service. In fact, this battery solution is only able to adequately 
respond to the requests of the TSO to provide secondary reserve in about 50% of these requests. 
In consequence of the limited technical performance of the optimal BESS (when the base 
case criterion for defining the optimal solution is considered), three minimum technical 
performance requirements are established. The first technical criterion is related with the 
minimum percentage of time in which the hybrid system is not penalised for deviations of the 
combined power output from the day-ahead forecasted generation. It is defined that the hybrid 
system needs to provide a combined power output within the market threshold for penalties 
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(i.e., ±5% of the forecasted value) during at least 50% of each year. The second criterion 
establishes that the BESS needs to be capable of reducing the yearly average RMSE of the 
generation forecast (measured minute by minute), considering only the day-ahead market 
participation, from 18.3% to, at least, 15%. The last criterion defines the technical minimum 
for the effectiveness of the participation in the secondary reserve market. It is assumed that 
the BESS needs to enable the hybrid system to respond to, at least, 70% of the requests of the 
system operator (both in terms of power and duration of the request).  
The rationale of these criteria for the minimum technical performance of the BESS is 
twofold. On one hand, this is performed with the objective of ensuring that the selected BESS 
can effectively contribute to the proper accommodation of wind energy and, moreover, enable 
the efficient participation of this renewable source in the day-ahead market and in the ancillary 
services market. On the other hand, the definition of these technical requirements lead not 
only to an improved operation of the hybrid system considering local objectives of the 
renewable promoter but, also, enable further technical impacts of the hybrid system at the 
distribution network level. Therefore, the larger size of the BESS means an increased 
representativeness of the hybrid system in the distribution network to which it is connected to 
and, consequently, enables the adequate assessment of the hierarchical coordinated approach 
proposed in the developed methodology (described in Chapter 4). The optimal size of the BESS, 
per battery technology, considering the minimum technical performance constraints is 
presented in Table 5.7. 
The optimal BESS solution considering the defined performance requirements is a NaS 
battery, with 7500 kWh of storage capacity, and with 1000 kW of charging and discharging 
power. This solution presents power limits and storage capacity 10 times larger than the 
optimal solution when the minimum technical requirements are not implemented, albeit being 
based in the same battery technology. Therefore, in relative terms, this BESS presents charging 
and discharging power limits that correspond to 25% of the installed capacity of the wind park, 
and sufficient storage capacity to about 19% of the average energy generated per day by the 
wind park. Nevertheless, results show that the optimal solution is not cost-effective, as its 
integration and maintenance costs are higher than the economic benefits that the BESS is 
capable of providing during the planning horizon. 
For each considered battery technology, the resulting optimal size corresponds to the 
minimum size of each battery system that allows attaining the minimum technical performance 
requirements. This is in line with the search process for the optimal BESS, presented in Figure 
5.10, which shows that the costs of increasing the size of the BESS for the considered 
functionalities, independently of the battery technology, are higher than the resulting 
economic benefits. Nevertheless, the optimal NaS based battery system, despite presenting a 
larger investment cost than the optimal Lead-acid based battery system, provides a higher 
economic outcome. This results not only from the larger storage capacity than enables further 
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economic benefits but, mainly, from the lower calendar life and higher degradation over time 
of the Lead-acid based BESS. In fact, this implies that the Lead-acid battery device is replaced 
at year 10 of the planning horizon, on the contrary of the NaS based BESS, whose battery device 
is not replaced during the planning horizon. 
 
Table 5.7. Minimum size of the BESS per battery technology according to the established performance 
indicators 
Technology  
(solution) 
Li-ion 
(s1) 
Li-ion 
(s2) 
Li-ion 
(s3) 
Lead-acid 
(s4) 
NaS 
(s5) 
Percentage of time without 
market penalties for 
deviations from forecasted 
generation (minimum 50%)  
52.9% 51.8% 51.8% 55.0% 54.5% 
Effectiveness of the 
participation in the 
secondary reserve market 
(minimum 70%) 
73.1% 73.2% 73.2% 70.2% 70.0% 
Yearly RMSE of generation 
forecast – only day-ahead 
market participation 
(maximum 15%) 
14.4% 14.9% 14.9% 12.8% 10.0% 
Minimum 
size  
Charge  
(kW) 
1 500 3 000 9 000 1 440 1 000 
Discharge 
(kW) 
4 500 6 000 9 000 2 400 1 000 
Converter 
capacity 
(kVA) 
4 000 4 000 4 000 2 400 1 000 
Storage 
capacity 
(kWh) 
3 000 3 000 3 000 4 800 7 500 
Investment Cost (k€) 6 000 5 250 6 750 3 600 4 500 
Maintenance (k€/year) 210 105 135 72 90 
Average yearly revenues 
(k€/year) 
292.8 246.8 349.0 323.6 375.2 
NPV (k€) -5 528.2 -4 910.7 -6 893.9 -2 367.9 -2 281.6 
Battery replacement - Year 10 Year 10 Year 10 - 
 
The defined criteria for minimum technical performance influence to different extents the 
minimum size requirements depending of the characteristics of each battery technology. 
Particularly, the preponderance of the maximum yearly RMSE of generation forecast (15%) and 
the minimum effectiveness of the participation of the hybrid system in the secondary reserve 
market (70%) are related with the power to energy ratio (i.e., the C rating for discharging) of 
the considered battery technologies. For Li-ion based BESSs, which present C ratings for 
discharging larger than 1, the maximum RMSE of generation forecast is the criterion that is 
predominant in the determination of the minimum (and optimal) size of these BESSs. The higher 
power to energy ratio allows the battery system to mitigate a larger RMSE, in magnitude, 
although during a shorter period of time. However, forecast errors tend to present the same 
direction (overestimation or underestimation of wind generation) during several consecutive 
periods. This means that the battery system, once fully discharged or charged (considering the 
SoC limits), is not able to invert the cycle and start charging or discharging, respectively. 
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Therefore, a battery system that can partially compensate the forecast error during a longer 
period, although limited in magnitude, is more adequate for the reduction of the yearly RMSE 
of the generation forecast. Consequently, this technical requirement is only achieved by each 
Li-ion based BESS with an increase of their storage capacity, being the charging/discharging 
power limits constrained by the installed capacity of the wind park. In fact, the minimum size 
of each Li-ion based solution presents the same storage capacity, i.e., 3 MWh. Moreover, the 
larger C rating for discharging of the s3 – Li-ion BESS is not reflected into an improved 
performance of the BESS when compared to the s2 – Li-ion BESS with 2C for discharging, as the 
discharging power is limited by the converter capacity that is equal to the installed capacity 
of the wind park. 
For Lead-acid based and NaS based BESSs, which present C ratings for discharging/charging 
lower than 1, the minimum effectiveness of the participation of the hybrid system in the 
secondary reserve market dictates the minimum (and optimal) size of these BESSs. This is 
related with the particularities of this functionality that involve the BESS providing a certain 
amount of charging/discharging power during a limited period. The capability of these battery 
solutions to ensure that the hybrid system can present the forecasted generation profile and 
to provide charge/discharge power at the request from the TSO is not often limited by the 
storage capacity of the BESSs. Instead, the more limited charging and discharging power leads 
to the battery systems being only able to provide a fraction, in magnitude, of the reserve 
requirements. This occurs in case the generation of the wind park in such periods of time 
presents a forecast error in the opposite direction of the reserve request (with the magnitude 
of the power limits of the BESS), meaning that the BESS would need to compensate for the 
forecast error and for the reserve request. Therefore, the charging/discharging power limits of 
these BESSs are defined by the required effectiveness in the participation in the secondary 
reserve market. A higher technical requirement for this criterion would lead to a substantial 
oversizing of the battery systems. Nevertheless, the effectiveness in the participation in the 
secondary reserve market can be improved with the participation of the hybrid system in intra-
day markets. In such scenario, the SoC of the BESS could be adjusted more often throughout 
the day in order to increase the availability of the BESS to adequately address the reserve 
requests from the TSO.    
5.4.1.2. Performance assessment of the optimal BESS 
The optimal BESS solution (s5 – NaS, 7500 kWh, 1000 kW for charging and discharging), by 
enabling the participation of the hybrid system in different electricity markets, presents 
significant economic impacts, which also translates the defined minimum technical 
performance requirements (as shown in Table 5.7). Table 5.8 details the quantitative 
assessment of the performance of the wind park with and without the deployment of this BESS 
and considering different scenarios of market participation: the participation only in the day-
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ahead market (with and without the BESS) and the participation in both the day-ahead market 
and the secondary reserve market.  
Results show that the optimal BESS adds technical and economic value to the wind park to 
which it is connected to. Particularly, this hybrid system presents a significant increase of the 
combined benefits when the existence of the battery system is leveraged, through the 
participation of the hybrid system in the secondary reserve market. This means that the 
multifunctional character of battery storage increases not only the value of the battery system 
but, moreover, improves the technical and economic value of the hybrid system and of the 
generated renewable energy. A reduced portion of the benefits enabled by the BESS result from 
the extra energy that is placed in the day-ahead market, whether the hybrid system is 
participating in both markets or only in the day-ahead market (+0.13% and +0.34%, 
respectively). This occurs in virtue of the day-ahead adjusting factor that targets a 50% SoC for 
the battery system (detailed in Section 4.4.2). Therefore, this means that the SoC of the BESS 
is typically above 50% when the participation of the hybrid system in the day-ahead market is 
determined. Although this could lead to an increase in the penalties paid by the renewable 
promoter in the day-ahead market, such approach enables a more flexible management of the 
BESS SoC, and, therefore, the mitigation of forecast errors during longer periods, as well as a 
higher effectiveness of the BESS in the participation in the secondary reserve market.  
 
Table 5.8. Performance analysis of the BESS solution selected as the optimal for different market 
participation approaches 
Parameter Without BESS 
With BESS 
(s5 – NaS) 
With BESS 
(s5 – NaS) 
Scenario 
Only day-ahead 
market 
participation 
Only day-ahead 
market 
participation 
Participation in 
both markets 
Battery System 
solution 
Charge power (kW) - 1 000 1 000 
Discharge power 
(kW) 
- 1 000 1 000 
Storage capacity 
(kWh) 
- 7 500 7 500 
Average total wind generation (GWh/year) 14.48 14.48 14.48 
Average energy placed in the day-ahead 
market (GWh/year) 
14.47 14.53 14.50 
Total market 
participation 
Benefits (k€/yr) 478.5 564.1 853.7 
Benefits increase 
(k€/yr) 
- 85.6 375.2 
Average percentage of time without 
penalties (%) 
18.0 58.2 54.5 
Minute RMSE of wind generation forecast 
(% of installed capacity) 
18.3 10.0 12.4 
Effectiveness of the BESS (% of time) - 17.9 35.0 
Average SoC (%) - 49.1 41.1 
Average number of cycles (nr/yr) - 2 685 4 648 
Energy losses (MWh/yr) - 201.1 211.9 
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The net revenues of the wind park with and without the BESS correspond to the revenues 
resulting from the participation in the day-ahead market and from the participation in the 
secondary reserve market (only in case the BESS is installed), minus economic penalties for 
unfulfilling market bids and requests from the system operator. Figure 5.11 presents the net 
revenues in these scenarios, decoupled by the different markets revenues and penalties. In the 
scenario with the BESS participating only in the day-ahead market, the net revenues result, 
mainly, from the reduction of penalties. In fact, such reduction leads to an increase of 85.6 k€ 
(17.9%) in the total benefits of the hybrid system (compared to the scenario without the BESS). 
Nonetheless, when the secondary reserve market participation functionality is included, the 
economic impact of the BESS is higher as the consequent revenues of the additional market 
participation are considered. Also, the day-ahead market penalties reduction is compensated 
by the penalties resulting from the secondary reserve market participation. In this scenario, 
the net revenues of the hybrid system present a significant increase of about 78% on a yearly 
average, compared to the scenario without the BESS. This means that the benefits resulting 
from the participation in the secondary reserve market represent the majority of the benefits 
of the BESS (74% of total economic benefits on average).  
 
 
Figure 5.11. Performance of the wind park with and without battery storage when participating in 
different electricity markets 
The presented results in Table 5.8 and in Figure 5.11 represent yearly average values 
considering the 15-year planning horizon. However, several factors influence the benefits that 
the optimal BESS is capable of providing each year. These factors include the total generation 
of the wind park, the wind generation profile, electricity market prices, the frequency and the 
duration of the request for reserve provision as well as the degradation of the storage capacity 
of the battery system over time. Figure 5.12 presents the evolution of the benefits of the BESS 
during the planning horizon, as well as the total yearly wind generation and total energy placed 
in the day-ahead market.  
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Figure 5.12. Performance of the wind park with the BESS during the planning horizon 
The total yearly generation of wind energy presents a small inter-annual variation, being its 
standard deviation of 0.538 GWh/year, which represents 3.71% of the average total yearly wind 
generation. However, the benefits that the optimal BESS is capable of providing do not present 
an evident correlation with the variations of the total yearly wind generation, nor with the 
total yearly energy placed in the day-ahead market. In fact, the benefits of the integration of 
the BESS also present a small variation throughout the planning period. This occurs because 
several of the parameters influencing the benefits of the BESS present, on one hand, a limited 
impact in its operational performance (e.g. the yearly variation of the total generated wind 
energy). On the other hand, the effect of these factors tend to present different directions 
(i.e., some factors increase the total benefits of the BESS, while others decrease them), 
therefore mitigating their individual influence on the total benefits quantification. For 
instance, the total benefits of the optimal BESS present an average yearly value of 375.2 
k€/year, with a maximum of 385 k€/year and a minimum of 361.7 k€/year, albeit with a 
standard deviation of only 1.63%. This behaviour also reflects the functionalities included in 
the operation of the BESS as well as their weight in the total economic benefits that the BESS 
can provide. Regarding each functionality individually, the increase in the benefits from energy 
sales and the reduction of penalties in the day-ahead market present a more fluctuating 
behaviour, with standard deviations of 26.4% and 3.5%, respectively. However, the aggregated 
value of these two functionalities represent, on average, 26% of the total benefits and the 
cumulative variations do not occur, in the same year, in a matching direction. 
Furthermore, the degradation of the optimal BESS over time presents a limited impact in 
the total benefits that the BESS can provide. First, it is estimated that this battery system 
presents a decrease in its storage capacity inferior to 20% at the end of the planning horizon, 
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meaning that the storage capacity fade throughout the planning period is smooth (about 1.2% 
storage capacity loss per year, on average). Second, the main source of revenues from the 
operation of the BESS, i.e., the participation in the secondary reserve market is mainly 
dependent of the availability of power rather than of the availability of energy. In fact, 90% of 
the revenues from this ancillary service market derive from the availability of headroom 
capacity that the BESS is capable of providing. This means that the impact of the reduction of 
storage capacity consists of the extent of time the BESS can offer its capacity headroom, and 
of the reduction of the effectiveness of the participation of the hybrid system in the secondary 
reserve market, which increases the market penalties incurred by the BESS. Nonetheless, the 
more reduced participation in the secondary reserve market can be partially compensated by 
a more assertive response to generation forecast errors. Furthermore, the clearing prices of 
electricity markets and, particularly, the prices of the secondary reserve market are the 
economic factors that present the potential to be the most influencing in the economic 
assessment of the performance of the BESS (this analysis is further detailed in Section 5.4.1.3). 
The technical impacts of the optimal BESS result from its cycle life, although a portion of 
the economic benefits result from the inherent characteristics of the battery system, namely 
the charging and discharging power limits for the participation in the secondary reserve market. 
Nonetheless, including the participation in the secondary reserve market significantly increases 
the number of cycles the BESS is required to perform per year (about 2000 additional cycles, 
as presented in Table 5.8). Figure 5.13 presents the histogram of the frequency of cycles versus 
the DoD of these cycles for the scenarios in which the hybrid system is participating only in the 
day-ahead market and in which the hybrid system is participating in both the day-ahead and 
the secondary reserve market. It is perceptible that, despite the increase in the number of 
cycles, these additional cycles present a low DoD, most of them between 2.5% and 10% of DoD, 
i.e., ranging from 187 kWh and 750 kWh of energy throughput. Nonetheless, the frequency and 
number of deeper cycles is diminished in virtue of the lower availability of stored energy to 
perform the mitigation of generation forecast errors. This is corroborated by the lower average 
SoC of the BESS, as presented in Table 5.8. The additional cycles are also the cause of the 
increase in the charging and discharging losses of the optimal BESS (as presented in Table 5.8). 
The fact that the majority of these cycles present a lower DoD, along with the reduction of the 
number of deeper cycles, lead to only a 5% increase in the total losses resulting from the 
operation of the BESS, while extending the useful life of the BESS. In economic terms, 
considering an average market price of 50 €/MWh, the energy losses from the participation in 
both electricity markets represents a decrease in net revenues of 10.5 k€/year. Nonetheless, 
the round-trip efficiency of the BESS is not only reflected in these energy losses but, also, limits 
the participation of the BESS in the electricity markets as the charging and discharging 
efficiencies need to be considered in the offers made due to the limits of the useful BESS SoC. 
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Figure 5.13. Histogram of the number and depth of discharge of the cycles performed by the BESS per 
year for different electricity market participations 
5.4.1.3. Sensitivity analysis to the variation of electricity market prices 
The economic benefits resulting from the adequate integration of the BESS reflect the 
majority of the technical benefits provided by the BESS in the proper accommodation of the 
wind generation, although being dependent of the market prices. In fact, the economic impact 
of the BESS depends, almost entirely, of the clearing prices of the ancillary services markets, 
namely of the price of the capacity headroom for secondary reserve, and the price of regulation 
energy (secondary and tertiary reserve)4. This occurs not only in the participation by the hybrid 
system in the secondary reserve market but, also, in the mitigation of wind generation forecast 
errors. The penalties incurred by the hybrid system consist of the price of the reserve needed 
to compensate the generation deviation from the forecasted values. 
In order to assess the extent to which electricity prices influence the cost-effectiveness of 
the optimal BESS, different market prices scenarios are defined. The objective is to evaluate 
the impact of these variations in the economic benefits that the BESS is capable of providing 
and, consequently, in the NPV of the optimal solution. For example, the optimal BESS at current 
market prices would require a 37.3% decrease in the investment cost per storage unit in order 
to be cost-effective (i.e., NPV larger than zero). Figure 5.14 shows the impact of electricity 
prices in the benefits and in the NPV of the optimal BESS. In this case, it is considered that 
similar variations of prices occur in the secondary and tertiary reserve markets. 
 
                                                 
4 Note that in this work the model of the Portuguese ancillary services market is considered. 
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Figure 5.14. Economic impacts in the optimal BESS of electricity market prices variation 
Results show, as expected, that the benefits originated from the adequate operation of the 
BESS proportionally increase with the increase in market prices, which is reflected in the NPV 
of the BESS. The scenario with a 50% decrease of the ancillary services market prices can 
represent the theoretical case in which there is a great competition among storage systems 
and alternative solutions (e.g. peak gas turbine) that are capable of providing reserve to the 
electric system. This means that with the increase in the integration of technologies that are 
capable of participating in ancillary services markets, and the consequent decrease of the 
prices in these markets, the optimal BESS is less cost-effective (assuming the maintenance of 
the current market design). Nonetheless, in such scenario the market design, particularly the 
ancillary services market design, fails in recognizing the additional benefits of the local nature 
of the battery solution. Specifically, under the current design, the market is not able to 
recognize the technical benefits of a reduction of the local deviations between electric demand 
and renewable generation, therefore avoiding during a certain extent of time a potential 
reserve needs. The scenarios of an increase in the price for ancillary services can represent the 
future case of a massive integration of renewable sources, albeit with a limited integration 
complementary technologies (e.g. storage systems) that can smooth and allow their adequate 
integration. This means that there would be the lack of resources such as BESSs that can provide 
the required flexibility, that can ensure the security of supply or that can maintain the 
operational limits of interconnections. In this case, the resulting increase in the market prices 
for such ancillary services would mean a significant increase of the economic benefits of the 
BESS. However, in order to achieve break-even prior to the end of the planning horizon, the 
market prices would have to increase 86%. Under the current market design, such price increase 
scenario presents a very low probability. 
5.4.1.4. Impact analysis of the wind forecast error in the performance of the optimal BESS 
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One of the most determining factors of the market performance of the wind park, with or 
without the BESS, is related with the wind generation forecast and the intrinsic error that is 
associated with it. First, without storage, the penalties resulting from the participation in the 
day-ahead market reflect the forecast errors. This occurs, particularly, in the periods in which 
the error is larger than the market threshold (i.e., ±5% of the forecasted generation), if such 
errors occur in the same direction of the electric system deviation (excess or deficit of 
generation), weighted by the market prices. Second, with the BESS coupled with the wind park, 
its charging and discharging cycles and, therefore, its technical and economic performance, 
depend of the direction and magnitude of the wind generation forecast error. Additionally, 
while the generation forecast, which is in the genesis of the energy bids in the day-ahead 
market, typically presents the time resolution of the market (e.g. hourly resolution for the 
Iberian market), the economic penalties are applied considering 15-minute periods. Therefore, 
the intra-hour variations of wind generation may not lead to significant hourly RMSE when the 
generation profile is assessed on an hourly basis, albeit the intra-hour deviations need to be 
addressed by the BESS, in order to minimise market penalties. 
With the purpose of assessing the technical and economic impact of the forecast error in 
the performance of the optimal BESS, the Exponential Weighted Moving Average (EWMA) 
method (detailed in Section 3.4.6.2) is applied to impose different hourly RMSE to the wind 
generation profile (the forecast horizon is maintained at 36 hours). Figure 5.15 presents the 
influence of the generation forecast error in the benefits that the optimal BESS is capable of 
providing, as well as its impact in the economic outcome of investing in this battery system. 
Note that, in spite of the hourly RMSE of the generation forecast being imposed, the intra-hour 
generation profile can present a different RMSE, as shown in Figure 5.15. In the base case, the 
resulting hourly generation forecast error is 18%. 
 
 
Figure 5.15. Impact of the wind generation forecast error in the economic output of the optimal BESS 
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Results show that the average benefits that result from the integration of the optimal BESS 
increase with the increase in the forecast RMSE, although they tend to saturate for RMSE of the 
forecast higher than 20%. With perfect forecasts (i.e., forecast RMSE of 0%), the economic 
benefits provided by the BESS result, in majority, from the secondary reserve market 
participation. Nonetheless, a small portion of the benefits is related with the mitigation of 
forecast errors, in particular forecast errors resulting from the intra-hour variations of the wind 
generation. On one hand, this means that the improvement of forecasting techniques may 
result in the reduction of the value of BESSs as the renewable resource will be more predictable 
and, therefore, the need for the flexibility provided by the BESS is reduced. On the other hand, 
this means that with the decrease in the uncertainty of wind generation, the added value of 
BESSs will consist of the provision of ancillary services to the operators of the power system, 
namely secondary reserve, particularly to address deviations from the planned operation that 
present a sub-hourly behaviour.  
With the increase in the RMSE of the generation forecast, a larger portion of the benefits 
that the BESS can provide result from the mitigation of the forecast errors. However, the 
benefits from the secondary reserve market increase only for a certain range of RMSE of 
generation forecast, decreasing for values higher than 20%, thus leading to the aforementioned 
saturation of the total benefits. The rationale of these behaviours is twofold. First, the 
potential of reducing forecast errors is higher for larger forecast errors and, therefore, a BESS 
with the same size can provide further economic benefits leveraging its power limits and 
storage capacity, which are not often fully utilised for small forecast errors (i.e., the limits of 
charging/discharging power and useful SoC are only achieved during limited periods of time). 
Second, smaller forecast errors limit the capability of the BESS to adjust its SoC in order to 
increase its availability for the provision of secondary reserve without incurring in market 
penalties. As the economic penalties resulting from deviations from the generation forecast 
are paid at the price of the reserve moved to address that deviation, the participation in the 
secondary reserve market is more constrained for smaller forecast errors. However, for larger 
RMSE of generation forecast (e.g. larger than 20%) the benefits from the participation in the 
secondary reserve market diminish in virtue of the higher uncertainty, which limit the 
effectiveness of the performance of the BESS in this market. This occurs in virtue of the need 
of the BESS not only to compensate for the deviation of the wind generation from its forecasted 
value, which are in these cases larger, but, also, to respond to the request from the TSO. These 
behaviours are reflected in Table 5.9 where the assessment of the technical performance of 
the optimal BESS for different generation forecast errors are detailed. 
Reflecting the higher economic benefits of the BESS for larger wind generation forecast 
errors, the NPV of the optimal BESS increases with the increase of the forecast error as its 
capability of addressing the uncertainty of wind generation presents additional value. However, 
for the optimal battery system this only occurs for RMSE of generation forecast equal or lower 
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than 20%. The reason for the decrease in the economic output in these cases is related with 
the cycle life of the optimal BESS. In fact, the frequency and depth of the charging/discharging 
cycles that the BESS needs to perform in order to attain the presented economic benefits leads 
to the need of replacing the battery device during the planning horizon for RMSE forecast errors 
larger than 20%. Therefore, the additional investment that needs to be performed reduces the 
economic output of the optimal BESS, despite the additional benefits resulting from the extra 
storage capacity. However, this occurs in spite of the smaller number of cycles that the BESS 
needs to perform for larger RMSE forecast errors, as shown in Table 5.9.  The larger number of 
cycles that the BESS needs to perform in order to address smaller forecast errors are inherent 
to the higher accuracy of the forecast. In fact, in these cases, the errors are more often related 
with the intra-hour variations of wind generation, meaning that the energy required from the 
BESS to compensate these deviations is more reduced and, therefore, the DoD of each cycle is 
lower. In addition, once the forecast errors are small and, therefore, the hourly forecast is 
almost similar to the average generation during each hour, there are multiple inversions of the 
charging or discharging cycle. Consequently, the number of cycles increases, although with 
shallower DoD, leading to a lower average storage capacity fade per year. The opposite occurs 
for larger forecast errors that lead to lower number of cycles, albeit at deeper DoD, and, 
consequently, a higher average storage capacity fade per year. 
 
Table 5.9. Impact of the wind generation forecast error in the technical performance of the BESS 
Hourly RMSE forecast error  
- without BESS 
0% 5% 10% 15% 20% 25% 30% 
Minute RMSE forecast error  
– without BESS 
6.6% 8.4% 12.2% 15.9% 20.7% 25.6% 30.5% 
Number of cycles  
(nr/year) 10 009 8 034 5 961 4 943 4 283 3 702 3 503 
Average storage capacity fade  
(%/year) 
0.30% 0.45% 0.60% 0.97% 1.29% 1.66% 1.75% 
Percentage of time without market 
penalties for deviations from 
forecasted generation  
(%) [percentage points increase] 
77.6% 
[42.4] 
69.3% 
[40.3] 
61.7% 
[39.4] 
56.4% 
[37.6] 
51.6% 
[34.9] 
47.9% 
[32.6] 
46.0% 
[31.7] 
Effectiveness of the participation in 
the secondary reserve market (%) 
62.4 68.0 71.3 72.0 73.1 72.9 72.4 
Yearly minute RMSE of generation 
forecast  
– only day-ahead market participation  
(%) [percentage points decrease] 
1.7% 
[4.9] 
2.4% 
[6.0] 
4.5% 
[7.7] 
7.3% 
[8.6] 
13.2% 
[7.5] 
17.6% 
[8.0] 
23.2% 
[7.3] 
 
Table 5.9 presents the technical performance of the optimal BESS, for different RMSE of 
generation forecast, in what concerns the minimum technical requirements established for the 
selection of the optimal solution (see Section 5.4.1.1). These are the percentage of time 
without market penalties for deviations from forecasted generation (minimum of 50%); the 
effectiveness of the participation in the secondary reserve market by the hybrid system 
(minimum of 70%); and the yearly minute RMSE of generation forecast considering only the day-
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ahead market participation (maximum of 15%, i.e., a decrease of 3.2 p.p. from the forecast 
error without BESS). Results show that the optimal BESS is only capable of achieving these 
performance requirements for RMSE of generation forecast between 10% and 20%. For values 
of generation forecast RMSE lower than 10%, the criterion of the effectiveness of the hybrid 
system in the participation in the secondary reserve is not accomplished. This occurs in virtue 
of the limited periods of time in which the BESS can adjust its SoC in order to be able to fulfil 
reserve requests without incurring in higher penalties for deviations from generation forecast 
errors. Therefore, for this range of forecast errors, a battery system with the capability of 
adjusting its SoC in a shorter period, i.e., with larger charging and discharging power limits, 
and with a higher round-trip efficiency would be more adequate to address this minimum 
technical performance. For values of generation forecast RMSE higher than 20%, the criterion 
of the percentage of time without market penalties is not accomplished. This occurs in virtue 
of the higher charging and discharging power required avoiding market penalties, as the 
forecast error is, on average, higher. Note that the optimal BESS is only capable of mitigating 
forecast errors up to 25% of the installed capacity of the wind park. These results reveal that 
the wind generation forecast error is a crucial factor for the adequate quantification of the 
technical and economic benefits of BESSs for the considered applications and, consequently, 
for the sizing and technology selection of the optimal BESS. 
5.4.2. Operational performance of the wind park coupled with the BESS 
The operational performance of the optimal BESS is analysed in detail based on the 
simulation of the wind park operation with and without the battery system (the coordinated 
approach enabled by the complete implementation of the developed methodology is not 
included). Moreover, the analysis comprises the behaviour of the hybrid system (wind park with 
BESS) when participating only in the day-ahead market and when participating in both the day-
ahead market and in the secondary reserve market. In these scenarios, the same time-series is 
utilised consisting of three consecutive days during winter season (higher wind generation).  
5.4.2.1. Participation only in the day-ahead market 
Figure 5.16 presents the impact of the BESS in the operation of the hybrid system during 
the simulated days in analysis, when the hybrid system is participating only in the day-ahead 
market. Figure 5.16(a) presents the actual generation of the wind park in comparison with the 
planned output for the hybrid system, which determines the energy and price bids in the day-
ahead market. The forecast errors throughout the simulated days are perceptible, being not 
only significant on an hourly basis but, moreover, in what concerns the intra-hour wind 
generation fluctuations. This means that the BESS needs to compensate these intra-hour 
deviations from the forecasted generation, in order to firm the hourly hybrid system generation 
profile. This means that capturing a closer to the real behaviour of the BESS and, therefore, 
more accurately assessing its performance, requires considering a sub-hourly profile of wind 
Renewable promoter integrating battery storage 
153 
generation. Particularly, this is relevant for the quantification of the market penalties to be 
paid by the hybrid system, as well as the assessment of the cycle life of the BESS. 
The charging and discharging profile of the BESS and the resulting combined profile of the 
hybrid system is presented in Figure 5.16(b). The results highlight three relevant characteristics 
of the behaviour of the BESS and, thus, of the hybrid system for the considered functionalities. 
First, the charging and discharging cycles of the BESS are constantly reversed, i.e., the BESS is 
not required to charge or to discharge during several consecutive periods. This means that the 
BESS needs to perform multiple discharging cycles although with reduced DoD. This is in line 
with the histogram of the cycle life of the BESS when participating only in the day-ahead market 
as shown in Figure 5.13.  
 
 
(a) 
 
(b) 
Figure 5.16. Impact of the BESS when participating only in the day-ahead market (a) actual wind 
generation versus planned combined system output; (b) BESS operation and hybrid system output 
Second, the charge and discharge power limits of the BESS are often fully utilised. In fact, 
during the presented days, the BESS needs to discharge at its maximum capacity (1000 kW) and 
to charge at its maximum capacity (1000 kW) during several segments of time, particularly 
Case study on multifunctional battery storage in distribution networks  
154 
during the first two days presented. Once the combined hybrid system output is not similar, 
during these periods, to the planned combined system output, in Figure 5.16(a), this means 
that the power limits of the BESS are insufficient to completely mitigate the existing forecast 
errors. Nonetheless, it is perceptible that the charging and discharging of the BESS, even when 
the power limits are reached, leads to a significant reduction of the forecast errors, and a 
hybrid system generation profile closer to the forecasted hybrid system output profile. 
Third, the BESS is in an idle state (i.e., without being charging nor discharging) during 
several extents of the presented 3-day simulation. However, a significant portion of the time 
in which the BESS is in idle state does not result from forecast errors smaller than the market 
threshold (i.e., ±5% of the planned generation). In fact, this idle state is a consequence of the 
battery system reaching its useful SoC limits. Figure 5.17 presents the SoC of the BESS 
throughout the presented 3-day period of simulation. Results show that the BESS is at the 
minimum SoC (20%) during about 10 hours of the first presented day, and at the maximum SoC 
(100%) during about 7 hours of the third presented day. The cause for the BESS to reach its SoC 
limits is similar, and is related with the forecasted error and its persistency over time.  The 
minimum SoC is reached in consequence of several consecutive hours of underestimation of the 
wind generation, which lead to the need of discharging the BESS during these periods. In 
opposition, the maximum SoC is reached in consequence of several consecutive hours of 
overestimation of the wind generation, leading to the charging of the BESS during these 
periods. Moreover, reaching a SoC limit constrains the response of the BESS to forecast errors 
only in one direction, i.e., only in the charging or in the discharging capability. For example, 
if the BESS were at the minimum SoC, only an overestimation of the wind generation, or an 
underestimation of the wind generation within the market threshold, would allow the 
adjustment of the SoC of the BESS. This means that the performance of the BESS is not only 
influenced by the magnitude of the wind generation forecast error but, moreover, by the 
behaviour of this forecast error in what concerns the persistency of the error direction. 
 
 
Figure 5.17. State of Charge of the BESS when participating only in the day-ahead market during the 
three-day period of simulation. 
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5.4.2.2. Participation in the day-ahead market and in the secondary reserve market 
Figure 5.18 presents the impact of the BESS in the operation of the hybrid system during 
the simulated days in analysis, when the hybrid system is participating both in the day-ahead 
market and in the secondary reserve market. The discrepancies between the planned output 
for the hybrid system and the actual wind generation during the presented 3-day simulation 
period are shown in Figure 5.18(a). The planned output for the hybrid system is defined by the 
day-ahead wind generation forecast weighted by a time varying adjustment factor that takes 
into account key parameters of the BESS such as the round-trip efficiency and the SoC (detailed 
in Section 4.4.2). Therefore, the participation of the hybrid system in an additional market 
leads to a different SoC profile of the BESS (presented in Figure 5.19) and, thus, influences the 
planned output and the generation profile committed to the day-ahead market. Comparing 
Figure 5.18(a) with Figure 5.16(a), the planned hybrid system output when participating in both 
day-ahead and secondary server markets and when participating only in the day-ahead market 
are different during several hours of the presented days. In fact, the planned generation is 
higher during the first four hours of the first day, is similar during the second day, and is lower 
during the first 5 hours of the third day. This indicates, respectively, a higher SoC in the 
moment of bidding in the day before the first and in the second presented day of simulation. 
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(a) 
 
(b) 
 
(c) 
Figure 5.18. Impact of the BESS when participating in the day-ahead and the secondary reserve markets 
(a) actual wind generation versus planned combined system output; (b) BESS operation and hybrid system 
output; (c) Headroom capacity committed in the reserve market and the actual TSO requests. 
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The relation between the planned hybrid system output and the actual wind generation 
determine the majority of the charging and discharging cycles requirements. The BESS output 
and the resulting hybrid system generation are presented in Figure 5.18(b). The comparison of 
this figure with Figure 5.16(b) enables understanding the impact of the participation of the 
hybrid system in the secondary reserve market.  
First, the additional participation in the secondary reserve market leads to the need to more 
often utilise the charge or the discharge power limits of the BESS. On one hand, this means 
that the characteristics of the BESS are being exploited in order to maximise its benefits. 
Nonetheless, the participation on the secondary reserve market is also limited by the wind 
generation, as the combined output needs to be equal or lower than the installed capacity of 
the wind park, and higher than zero. On the other hand, this behaviour reveals that the power 
limits of the BESS are insufficient during several periods for adequately performing the market 
services in the genesis of its deployment. In fact, this is particularly noticeable in the periods 
that an underestimation of the wind generation occurs and the hybrid system is requested by 
the TSO to provide upward secondary reserve. The upward and downward capacity headroom 
committed in the secondary reserve market and the actual reserve requests from the TSO are 
presented in Figure 5.18(c). In these scenarios, the discharging power of the BESS would need 
to be significantly larger, depending of the magnitude of the forecast error and the capacity 
headroom committed in the secondary reserve market. Second, the actual output of the hybrid 
system presents more deviations from the planned output when the participation in the 
secondary reserve market is included. This occurs in virtue of the larger intra-hour output 
fluctuations that are often translated by multiple generation spikes. This results from the 
requests from the TSO to provide reserve. This means that, in spite of the larger forecast error, 
a higher portion of this error occurs in the direction that contributes to a more efficient, 
flexible and secure operation of the power system.  
In periods in which the BESS is not requested to provide upward or downward reserve, the 
BESS is capable of further reducing the forecast error compared to the scenario of a single 
market participation due to the more adequate management of its SoC. In fact, the different 
SoC of the BESS during the presented 3-day simulation period (presented in Figure 5.19) results 
from the need to perform more charging/discharging cycles in order to respond to the requests 
of the TSO. However, the charging or the discharging of the BESS are more frequently reversed, 
meaning shallower cycles by the BESS. This is in line with the histogram of the cycles of the 
BESS when participating in both the considered electricity markets, presented in Figure 5.13.  
The management of the SoC of the BESS when participating in the day-ahead and secondary 
reserve markets reveals to be more efficient than the management of the SoC of the BESS when 
participating only in the day-ahead market. This means that adding a new functionality can not 
only provide further technical and economic value to the battery system but, moreover, enable 
a more adequate performance, with more benefits, of the BESS functionalities included. Figure 
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5.19 shows that when participating in both electricity markets, the BESS presents a SoC at its 
technical limits, which constraints the performance of the BESS, during a shorter period. In 
fact, during the presented 3-day period the SoC of the BESS is at its limits during about 17 hours 
when participating only in the day-ahead market, while it is only at its limits during about 12 
hours when participating in the day-ahead and secondary reserve markets. Nonetheless, in the 
latter case, the BESS is during a longer period at its minimum SoC, which means that it is not 
capable of addressing an underestimation of wind generation nor it is capable of responding to 
the TSO requests for upward reserve provision during these periods. Nonetheless, the BESS 
presents a SoC closer to the target value (50%) during a longer period, particularly during the 
second day of the presented simulation period. This results from the adjusted planned hybrid 
system output and the management of the SoC to adequately participate in both electricity 
markets. This means that the BESS is more frequently closer to the SoC that maximises the 
capability of the battery system to mitigate forecast errors and to provide the upward or 
downward reserve requested by the TSO. 
 
 
Figure 5.19. State of Charge of the BESS when participating in the day-ahead and in the secondary 
reserve markets during the three-day period of simulation. 
5.5. Coordinating BESSs in distribution networks: results and 
discussion 
The developed methodology for the integration of BESSs in distribution networks based on 
a hierarchically coordinated approach is applied to this case study, considering that the existing 
battery systems can provide capacity support to the DSO (as described in Section 4.4.3). The 
coordinated approach is enabled by the implementation of the hierarchically higher functional 
component of the integration architecture for battery storage (proposed in Section 4.3), i.e., 
the Substation Storage Scheduler. In order to assess the capacity support service, it is 
considered that a N-1 security criteria (in case of the outage of one OLTC transformer at the 
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primary substation) needs to be ensured, i.e., the existing BESSs need to contribute to the 
maintenance of the electric load at the primary substation below the nameplate capacity of 
one transformer (10-MVA). The technology selection and sizing of the battery systems 
integrated by the industrial prosumer and by the wind park promoter, as well as the assessment 
and quantification of their technical and economic impacts at the local level were performed 
in Section 5.3 and in Section 5.4, respectively. Note that this was performed considering only 
the perspective and the local objectives of the stakeholder integrating each battery solution. 
The main technical characteristics of the existing BESSs are summarised in Table 5.10. 
 
Table 5.10. Summary of the existing BESS in the distribution network 
Parameter 
BESS owned by the 
industrial prosumer 
BESS owned by the 
renewable promoter 
Battery technology S4 – Lead -acid S5 - NaS 
Power 
limits 
Charge power (kW) 1 800 1 000 
Discharge power (kW) 2 700 1 000 
Converter capacity (kVA) 3 000 1 000 
Storage capacity (kWh) 5 400 7 500 
 
In this section, the technical and economic impact of the proposed hierarchical coordinated 
approach to the integration of BESSs in distribution networks is assessed. First, this assessment 
is performed at the primary substation level. Second, these impacts are quantified at the local 
level, namely in the operation of the industrial prosumer and in the operation of the wind park 
to which the optimal BESS solutions (defined in the previous sections) are coupled during the 
planning horizon. A more detailed analysis of the operational performance of the distribution 
network (including BESSs) with and without the implementation of the proposed coordinated 
approach is performed based on the simulation of three days of operation of the distribution 
network. The time-series comprise three consecutive days (three working days) during winter 
season (higher electric demand and wind generation, lower PV generation) of the fifth year of 
the planning horizon (higher electric demand due to the considered yearly load growth which 
increases the need for storage resources by the DSO). The same period is utilised for assessing 
the impact of the coordinated approach at the primary substation level (in Section 5.5.1) and, 
furthermore, the impact on the operational performance of the industrial prosumer and of the 
renewable promoter integrating BESSs (in Section 5.5.2). 
5.5.1. Impact of coordinated BESSs at the primary substation level 
Figure 5.20 shows the electric perspective of the grid from the primary substation regarding 
total electric demand (load excluding local distributed generation and storage) and net demand 
(load including local distributed generation and storage). This is performed in a scenario where 
the proposed coordinated approach is not in place and in a scenario in which the developed 
methodology is implemented.  
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(a) 
 
(b) 
 
(c) 
Figure 5.20. 3-day comparison between total demand and net demand seen from the primary substation 
in the non-coordinated and in the coordinated approaches.  
(a) Apparent power; (b) Active power; (c) Reactive power 
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The electric load profile of the distribution network during the presented 3-days of 
simulation includes the apparent power demand (in Figure 5.20(a)), the active power demand 
(in Figure 5.20(b)), and the reactive power demand (in Figure 5.20(c)). The results reveal the 
technical impacts of the integration of renewables sources, and of the integration of non-
coordinated and coordinated BESSs.  It is noticeable that renewable sources significantly reduce 
the electric demand from the upstream network. Consequently, in spite of the variability of 
renewable resources, both the wind park (of the renewable promoter) and the PV source (of 
the industrial prosumer) generate energy during periods of high demand, thus avoiding net 
demand to surpass the operational constraints of the primary substation (through the injection 
of active power). 
The introduction of the BESSs in a non-coordinated approach, although only performing 
services to their owners with limited distribution network awareness, leads to the maintenance 
of net demand below operational limits during longer periods of time. The reasons for this are 
threefold. First, the operational performance of BESSs is economically oriented, meaning their 
charging and discharging occurs in periods with low and high costs, respectively, which are 
often coincidental with periods of low and high demand at the distribution network level. 
Second, the BESSs present the objectives of firming the output of renewable sources, thus 
tackling the intra-hour fluctuations of generation and, therefore, ensuring the provision of the 
forecasted generation. However, firming renewable generation can present the pernicious 
effect of reducing the combined output of the renewable source with the BESS, in order to 
follow the forecasted combined generation, in periods of need of distribution network capacity 
support. Third, the BESS coupled with the industrial prosumer compensates for the local 
reactive power requirements, thus reducing the reactive power needs from the upstream 
network. These behaviours imply a reduction of the net demand in terms of apparent power. 
Nonetheless, although the technical and economic driven operation of the existing BESSs 
according exclusively to each owner’s intrinsic objectives shaves peak demand, they may not 
be sufficient to cope with operational limits of the distribution network in which they are 
integrated. This may occur in periods that present the highest demand charge and/or 
electricity market price, but that do not match the distribution network peak demand periods. 
Figure 5.20(a) demonstrates that a coordinated integration of BESSs can adequately 
contribute to maintaining operational constraints such as the primary substation capacity 
within technical and security limits. By means of adjusting the charging and discharging power 
as well as by adjusting the reactive power exchange, the BESSs can maintain the apparent 
power operational limits at the primary substation. This is perceptible, particularly, in the first 
and third presented days, which require significant adjustments of the schedule of the existing 
battery systems. Moreover, results show that battery storage foments the local use of the 
locally generated renewable energy, which contributes to the local balancing of generation 
and demand, minimising the impact of the existing renewable sources in the upstream grid and 
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reducing energy losses. This is revealed by the fact that net demand seen from the primary 
substation does not exceed the total network demand during the majority of the time. 
However, during the second presented day the net demand surpasses the total demand 
(without renewables and storage) in virtue of the charging of the BESS owned by industrial 
prosumer, albeit this occurs during valley load periods. In fact, this occurs because these 
periods correspond to non-solar periods and the existing wind park is not producing sufficiently 
during these periods.  
In the coordinated scenario, the capacity support service is performed, to the possible 
extent, through the injection of reactive power by the BESSs. This is depicted in Figure 5.21 
that presents the aggregated performance of the two existing BESSs, both in terms of active 
and reactive power exchange, in the non-coordinated and in the coordinated approach.  
 
 
(a) 
 
(b) 
Figure 5.21. 3-day comparison of the aggregated contribution of the existing BESSs in the non-
coordinated and in the coordinated approaches. 
(a) Active power; (b) Reactive power 
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In spite of the fact that the reduction of active power needs presents a higher impact in the 
apparent power exchange at the primary substation level, the prioritisation of the injection of 
reactive power reflects the most economical way to perform the capacity support service. 
Therefore, the adjustments of active power are only required when the injection of reactive 
power is not sufficient to maintain operational constraints. There are two reasons for this 
behaviour. First, the functionalities of the BESSs dependent of their adequate charging and 
discharging present higher economic benefits than the functionalities dependent of their 
reactive power exchange. Second, adjustments in the active power schedule of the BESSs 
present inter-temporal impacts due to their effects on the SoC of the battery systems, while 
adjustments of reactive power present impacts only in the periods in which they occur. For 
example, in Figure 5.21(a) it is perceptible that during the first presented day of simulation 
the coordinated BESS (between 12:00 and 16:00) are not allowed to charge according to their 
non-coordinated active power schedule in order to avoid the violation of operational limits. 
Consequently, the BESSs are not capable of discharging during the following periods (between 
18:00 and 21:00) due to insufficient stored energy. This means, moreover, that the 
performance by BESSs of services to their owners without distribution network awareness may, 
not only, lead to the non-maintenance of an operational limit but, moreover, may even cause 
the violation of operational limits. This means that, despite in the majority of the time the 
behaviour of non-coordinated BESSs contributes to an adequate operation of the distribution 
network, there are periods of time in which the existing BESSs limit the capability of operating 
the distribution network within technical and security constraints. 
5.5.2. Impact of the coordinated approach on the owners of BESS 
The operational impacts at the distribution network level of both coordination approaches 
in the management of battery storage reflects the operation of the BESSs at the local level. 
This section details the impacts of the coordinated approach in the operational performance 
of the stakeholders owning the two existing BESSs in the distribution network. 
5.5.2.1. Impact of the coordinated approach in the industrial prosumer with BESS 
Figure 5.22 presents the 3-day operation of the industrial prosumer in a coordinated 
scenario compared with a non-coordinated scenario and a scenario without the BESS nor the 1-
MW PV source. As shown in Section 5.3, the BESS, in the non-coordinated approach, confers 
controllability of the resources of the industrial prosumer, performing backup reserve, 
smoothing the PV output and adequately fulfilling the local needs of reactive power. Moreover, 
with the objective of minimising the cost of energy consumption the BESS discharges during 
the periods with the highest demand charge. However, these periods do not match on a daily 
basis the distribution network peak demand. This implies that, while such scheduling of the 
BESS is optimal at the industrial prosumer level, it is suboptimal regarding the distribution 
network level.   
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(a) 
 
(b) 
Figure 5.22. 3-day comparison between total demand and net demand seen of the industrial prosumer 
in the non-coordinated and in the coordinated approaches. 
(a) Active power; (b) Reactive power 
The main impact of the coordinated approach in the active power schedule of the BESS 
concerns the need of further reducing the net demand during solar periods, particularly 
between 10:00 and 15:00, which leads to the incapability of the BESS to follow the non-
coordinated profile (defined without schedule constraints imposed by the DSO) during the most 
cost-effective periods to discharge. Nonetheless, the injection of reactive power in the 
distribution network during these periods is sufficient to maintain operational constraints. In 
fact, the majority of the contribution of the BESS in the coordinated approach consists of 
adjusting the reactive power exchange. In fact, the industrial prosumer, instead of absorbing 
reactive power, injects reactive power in the distribution network in order to respond to the 
requests of the DSO. The comparison of the behaviour of the BESS between the non-coordinated 
and the coordinated approaches in terms of active power, reactive power and SoC is presented 
in Figure 5.23. 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 5.23. 3-day comparison of the behaviour of the BESS owned by the industrial prosumer in the 
non-coordinated and in the coordinated approaches. 
(a) Active power; (b) Reactive power; (c) State of Charge 
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Regarding the active power profile of the BESS in Figure 5.23(a), the BESS presents a 
different behaviour in the coordinated approach compared with the non-coordinated approach, 
particularly during PV generation periods (between 08:00 and 16:00) and during the periods of 
highest energy cost (between 19:00 and 21:00). This different active power profile is reflected 
in the different SoC profile of the BESS, presented in Figure 5.23(c). In the first presented day 
of simulation, the SoC of the BESS does not reach its upper limit in virtue of limitations imposed 
by the DSO as further charging during PV generation periods would lead to the violation of the 
secure capacity of the primary substation. For example, the surpassing of this operational limit 
occurs in the non-coordinated approach, as shown in Figure 5.20. In fact, the response of the 
BESS to the DSO request is not to start to discharge but, rather, to limit its response to the 
intermittency of PV generation and/or firming PV generation. This means that the coordinated 
approach leverages the value of this renewable source, allowing the battery system to mitigate 
the uncertainty of this resource, although allowing forecast errors to occur when the PV 
generation contributes to the maintenance of operational limits at the distribution network 
level. As the benefits of addressing the intermittency of PV generation are, in majority, 
technical (shown in the sensitivity analysis in Section 5.3.3), the active power profile is 
adjusted. A similar behaviour occurs during the following two days of operation. These 
adjustments further limit the capability of the BESS to follow the technically and economically 
optimal scheduling in the perspective of the industrial prosumer (i.e., the non-coordinated 
BESS profile). 
During the periods of highest demand charge, the discharging of the BESS is often limited 
by three factors. First, the limits for charging imposed by the DSO lead to the BESS not being 
fully charged at the beginning of the periods in which it is expected to discharge. Therefore, 
the discharge duration is limited as the stored energy is more reduced. Second, the allocation 
of BESS capacity for the provision of capacity support that results from the day-ahead planning 
of operation leads to the reduction of the availability of discharge power and energy during 
these periods. Final, the further constraints of the SoC limit impose a higher minimum SoC 
during periods in which the BESS still presents sufficient capacity to reduce the net demand of 
the industrial prosumer. These limitations of the SoC often occur in periods in which it is cost-
effective to discharge the battery system. However, the SoC in the coordinated approach is 
higher than the SoC of the BESS in the non-coordinated approach during several non-peak 
periods (between 22:00 and 04:00 of the following day). This results from the fact that, in 
these periods, it is not economically efficient to discharge the battery system in virtue of the 
its round-trip efficiency that requires larger energy costs differences between the charging and 
the discharging periods for a cost-effective cycle. 
Regarding the reactive power exchange presented in Figure 5.23(b), it is perceptible that 
additional reactive power injection from the BESS is often required. This typically occurs in 
periods in which the adjustments of the active power output present a significant economic 
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impact, i.e., in periods of high demand charges in which the BESS is utilised for minimising 
electricity costs. However, the reactive power exchange is not adjusted in period in which the 
BESS is utilised only for mitigating the intermittency of PV generation. This results from the 
fact that the prosumer needs to pay for the consumption of reactive energy (as detailed in 
Section 4.4.1), being the reactive power management enabled by the BESS one of its main 
streams of revenue (as shown in Section 5.3). Therefore, during periods in which the BESS is 
being utilised for PV intermittency response, the adjustments of active power reveal to be 
more cost-effective than the adjustments of reactive power.   
5.5.2.2. Impact of the coordinated approach in the wind park with BESS 
The 3-day generation profile of the wind park as well as the planned output of the hybrid 
system (wind park with the BESS) in both the non-coordinated and in the coordinated 
approaches are illustrated in Figure 5.24.  It is perceptible that, in order to minimise forecast 
errors, the BESS is required to charge in order to compensate for overestimations of wind 
generation and to discharge to compensate for underestimations of wind generation during a 
significant portion of the presented 3-day simulation sample. Note that these requirements 
only occur for forecast errors higher than 5% of the forecasted generation. Nonetheless, such 
charging and discharging needs from the BESS are similar in the non-coordinated and in both 
coordinated approaches. This results from the fact that the day-ahead planned hybrid system 
output is similar in both approaches, meaning that the SoC of the BESS and, thus, its day-ahead 
planned adjustments for achieving the target value (50%) are the same. 
 
 
Figure 5.24. Wind generation and the planned hybrid system output in the non-coordinated approach and 
in the coordinated approach. 
In consequence of a similar planned hybrid system output, the optimal participation in the 
secondary reserve market would be expected to be similar and, therefore, the active power 
profile of the hybrid system should be the same in the non-coordinated and in the coordinated 
scenario. However, Figure 5.25(a) shows that the hybrid system output presents differences 
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when comparing the coordination approaches in study during several periods of time. This is 
particularly perceptible during a short period of time in the first presented day and during 
several periods of the third presented day. The differences between the hybrid system output 
concern generation spikes that occur in the non-coordinated approach in virtue of the 
participation in the secondary reserve market. However, in the coordinated approach the BESS 
does not follow these expected generation spikes but, instead, continue to charge or to 
discharge with the objective of minimising generation forecast errors. This means that the 
lower participation in the secondary reserve market is compensated by a more effective 
mitigation of generation forecast errors. The participation of the BESS in the secondary reserve 
market in both coordination approaches is further detailed in Figure 5.26. 
 
 
(a) 
 
(b) 
Figure 5.25. Hybrid system output in the non-coordinated approach and in the coordinated approach. 
(a) Active power; (b) Reactive power. 
Regarding the reactive power management, Figure 5.25(b) reveals that the management of 
reactive power is more demanding in the coordinated approach. In fact, the reactive power 
requirements imposed by the DSO are more frequent than the active power requirements, and 
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often requiring the full capacity of the BESS. Evidently, this occurs in virtue of the fact that 
the exchange of reactive power by the hybrid system is not economically valuated. Moreover, 
comparing the adjustments of reactive power required from the hybrid system with the 
reactive power adjustments required from the industrial prosumer (presented in Figure 5.22), 
it is perceptible that the BESS of the hybrid system is the first flexibility resource utilised by 
the DSO for reactive power management. 
The differences in the active power profile of the considered coordination approaches 
during the presented 3-days of simulation result, in fact, from a different capacity headroom 
committed in the secondary reserve market. The comparison of the participation of the hybrid 
system in the secondary reserve market in the non-coordinated and in the coordinated 
approaches are presented in Figure 5.26. Such differences are imposed by the DSO in order to 
minimise risks of violating the technical and secure limits of the primary substation capacity. 
Results reveal that the participation of the hybrid system in the secondary reserve market is 
significantly more limited in the coordinated approach, in spite of this different participation 
being only reflected in the actual hybrid system output (in Figure 5.25) during a reduced 
number of periods. This results from the fact that the capacity headroom committed in the 
secondary reserve market is not always fully utilised by the TSO.  
The rationale of the differences in the participation on the secondary reserve market in the 
coordinated approach is twofold. First, the adjustments in the participation in the secondary 
reserve market are calculated by the DSO considering the worst-case scenario, i.e., the 
downward reserve committed in the market is requested by the TSO. This is performed in order 
to mitigate the uncertainty regarding the actual requests of reserve from the TSO. This leads 
to cases in which the hybrid system is not allowed to participate in the secondary reserve 
market albeit the TSO requests contributing to avoiding operational constraints at the 
distribution network level. For example, this occurs in the first presented day of simulation 
where the hybrid system in the coordinated approach would be required to provide upward 
reserve during peak load periods. Second, the market design, which is based on the Portuguese 
ancillary services market, imposes the need of providing the availability of downward spinning 
reserve when providing the availability of upward spinning reserve, with a fixed relation (as 
described in Section 4.4.2). Therefore, the participation in the secondary reserve market needs 
to be further limited as the downward reserve committed in the market can potentially lead 
to additional capacity support requirements at the distribution network level. On one hand, 
this is reflected in a significantly lower economic performance of the BESS as the secondary 
reserve market represents the main revenue stream enabled by the BESS (as shown in Section 
5.4.1.2). Note that the BESS does not only provide an economic benefit when the hybrid system 
is requested by the TSO to provide reserve but, moreover, the economic benefits of the BESS 
derive mainly from the availability to provide reserve. On the other hand, this means that the 
BESS is not capable of capturing its potential benefits from the participation in the secondary 
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reserve market in virtue of the market design and the fact that the performance of systemic 
services is constrained by the local nature of the BESS. 
 
 
(a) 
 
(b) 
Figure 5.26. Comparison of the participation of the hybrid system in the secondary reserve market (a) in 
the non-coordinated approach; (b) in the coordinated approach. 
The BESS is the only considered source of flexibility and controllability of the wind park. 
Therefore, the active and reactive power management of the BESS is reflected in the hybrid 
system output (shown in Figure 5.25), considering the actual as well as the planned wind 
generation (shown in Figure 5.24). The behaviour of the BESS in terms of active power output, 
reactive power exchange and SoC during the considered 3-day period of simulation in both 
coordination scenarios is further depicted in Figure 5.27.  
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(b) 
 
(c) 
Figure 5.27. 3-day comparison of the behaviour of the BESS owned by the renewable promoter in the non-
coordinated and in the coordinated approaches. 
(a) Active power; (b) Reactive power; (c) State of Charge 
It is perceptible that there are only a few periods of time in which the BESS in the 
coordinated approach is required to adjust its active power output from the profile defined in 
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the non-coordinated. Consequently, the pattern of the SoC during the presented 3 days is 
similar, with the exception of a small portion of the first day (between 19:00 and 21:00) and 
several hours of the third presented day (between 09:00 and 0:00). These correspond to periods 
in which the SoC of BESS is higher in virtue of the constraints imposed by the DSO on the 
participation in the secondary reserve market. 
The reactive power exchange of the BESS reveals that the BESS is often required by the DSO 
to provide the maximum reactive power output (1 MVAr). Also, during other periods of time 
the reactive power output is adjusted so that the BESS is at its full capacity (1 MVA). This means 
that, while the BESS of the wind promoter is the first reactive power source to have its reactive 
power exchange adjusted, it is often insufficient to maintain the operation of the distribution 
network within operational limits. Therefore, the BESS of the industrial prosumer is adjusted 
to provide the remaining reactive power needs (shown in Figure 5.23).  
5.5.3. Life-cycle impacts of coordinated BESSs in the distribution network 
The operational impacts that the coordinated approach to the integration of BESSs in the 
distribution network implies in the existing BESSs are reflected in the economic performance 
of these battery systems. The economic effort from the owners of the BESSs for the provision 
of capacity support for the DSO defines the opportunity costs for implementing the proposed 
coordination approach. Therefore, these opportunity costs are calculated by comparing the 
economic performance of the BESSs in the non-coordinated integration scenario with the 
economic performance of the BESSs in the coordinated integration scenario. Moreover, these 
opportunity costs are different during the life-cycle of BESSs in virtue of the evolution of the 
distribution network (e.g. yearly load growth) and the battery systems themselves (e.g. storage 
capacity decay over time). In this section, a detailed analysis of these opportunity costs is 
performed considering the particularities of each BESS owner and considering the evolution of 
the distribution network. 
5.5.3.1. Detailed analysis of the opportunity costs of battery storage 
The yearly average economic performance of each existing BESS in the non-coordinated and 
in the coordinated integration scenario, as well as the resulting opportunity costs, are 
presented in Table 5.11. The opportunity costs are detailed per stakeholder with battery 
storage, i.e., the industrial prosumer and hybrid system owner and per revenue stream. In 
order to quantify the functionalities in which the coordinated approach presents impacts, the 
industrial prosumer demand charges reduction is quantified by active power related impacts 
(including active energy costs, peak power costs and contracted power) and reactive power 
costs. Note that demand charges reduction is considered to be the only revenue stream of the 
BESS owned by the industrial prosumer as the backup functionality is not monetised. 
Nonetheless, the provision of capacity support for the DSO does not influence the capability of 
performing backup reserve as the minimum SoC of the BESS is guaranteed during all periods of 
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time. Therefore, opportunity costs concerning the industrial prosumer are not influenced by 
the non-monetisation of this functionality. The market participation benefits of the hybrid 
system owner are quantified per electricity market, i.e., the day-ahead market and the 
secondary reserve market participation, which is enabled by the BESS. 
Results reveal that the impact of the coordinated approach to the integration of BESSs 
differs accordingly to the nature of the activity of each stakeholder integrating battery storage 
and, thus, with the services provided by the BESS to its owner. For the industrial prosumer the 
implementation of the coordinated approach results, on a yearly average, on a reduction of 
25.9% of the benefits that the BESS is capable of providing from the case in which the provision 
of capacity support for the DSO is not considered. This impact resides mainly in an increase of 
the costs related with reactive power management compared to the scenario without 
coordination. The rationale for these results is twofold. First, during periods of high demand 
charges the adjustment of reactive power presents lower costs than the adjustment of active 
power, in spite of adjustments of active power presenting a higher impact in the reduction of 
the apparent power need seen from the primary substation. Second, adjustments of active 
power are more limited in virtue of the SoC requirements to perform the backup reserve 
functionality. This leads to requests by the DSO for reactive power adjustments in periods in 
which the adjustment of the active power of the BESS would be more cost-effective. However, 
the more reduced impact of the reduction of active power related demand charges does not 
reflect to the full extent the technical impacts of the coordinated approach in the performance 
of the BESS. In fact, although the coordinated approach only leads to a 15.3% decrease of active 
power related demand charges reduction, the industrial prosumer presents a significantly more 
limited capability of firming PV generation, addressing the intermittency of this source. This 
allows the battery system to present a higher SoC and, thus, to discharge during longer periods 
in distribution network peak load periods, which often match periods with high demand charges 
(namely, during the winter season). Therefore, the economic impacts of the coordinated 
approach in the active power related demand charges reduction is decreased. 
For the hybrid system owner, the implementation of the coordinated approach results, on 
a yearly average, on a reduction of 16.1% of the total economic benefits of the hybrid system 
from the case in which the provision of capacity support for the DSO is not considered. 
However, this decrease of the total benefits is inherently related with the only source of 
flexibility of the hybrid system, i.e., the NaS based BESS. The implementation of the 
coordinated approach results in a reduction, on a yearly average, of 36.9% of the total benefits 
that the BESS is capable of providing. This means that, in relative terms, the implementation 
of the coordinated approach presents a higher economic impact in the operation of the hybrid 
system than in the operation of the industrial prosumer. This results, mainly, from the 
constraints imposed by the DSO in the participation of the hybrid system in the secondary 
reserve market. 
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Table 5.11. Detailed quantification of the average opportunity costs for the existing BESSs 
Scenario 
Industrial Prosumer Hybrid system owner 
Demand Charges Reduction Market participation 
Active 
power 
related 
(k€/year) 
Reactive 
power 
related 
(k€/year) 
Total 
Benefits 
(k€/year) 
Day-ahead 
market 
(k€/year) 
Secondary 
reserve 
market 
(k€/year) 
Total 
Benefits 
(k€/year) 
Non-
coordinated 
Storage 
102.5 152.8 255.3 575.1 278.5 853.6 
Coordinated 
Storage 
86.8 102.4 189.2 596.3 120.0 716.3 
Opportunity 
Costs 
15.7 50.7 66.1 -21.2 158.5 137.3 
 
The results in Table 5.11 show a reduction, on a yearly average, of 56.9% of the revenues 
of the hybrid system from the participation in the secondary reserve market when the 
coordinated approach is implemented. However, the effect of this reduction is 
counterbalanced by an increase of the revenues of the hybrid system from the participation in 
the day-ahead market, namely from the reduction of market penalties from deviations of the 
hybrid system generation from the forecasted generation. As shown in Figure 5.25, the 
constraints for the participation in the secondary reserve market enable forecast errors to be 
minimised during longer periods of time, which is translated into additional benefits. 
5.5.3.2. Evolution of the performance of coordinated BESSs at the distribution network level 
The implementation of the coordinated approach presents, on a yearly average, a significant 
technical and economic impact on the performance of the existing BESSs, due to the constraints 
imposed on the provision of services for their owners. However, these impacts vary capacity 
throughout the planning horizon with the evolution of the distribution network and the useful 
storage. Note that a yearly load growth of 2% is the only considered parameter for the evolution 
of the distribution network. 
The economic impacts of the implementation of the coordinated approach are a 
consequence of the frequency, the type (active power or reactive power), the magnitude and 
the duration of the DSO requests for the provision of capacity support. Figure 5.28 presents the 
number of hours with additional capacity support requirements from the DSO, i.e., the periods 
of time in which the existing resources in the distribution network are not sufficient to maintain 
the operational limits at the primary substation, in four different scenarios: without renewable 
sources (i.e., the wind park and the PV source of the industrial prosumer) and without BESSs; 
with renewable sources and without BESSs; with renewable sources and with the BESSs, but 
without the implementation of the coordinated approach; and with renewable sources and with 
the BESSs operating under the coordinated approach. Figure 5.28(b) depicts the number of 
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hours with additional capacity support requirements from the DSO that include requirements 
for active power adjustments. 
 
 
(a) 
 
 
(b) 
Figure 5.28. Hours per year with additional capacity support requirements for different scenarios of 
existence and coordination of renewable sources and BESSs. 
(a) Hours with capacity support requirements; (b) Hours with active power requirements. 
Results show that the number of periods with capacity support requirements increase with 
the yearly load growth of the distribution network in any of the considered scenarios. However, 
the rate of increase is not constant as it depends of the included resources, of the daily profile 
of electric demand, of the matching between electric demand and renewable generation, and 
the periods in which the BESSs charge and/or discharge. Moreover, considering only the total 
electric demand of the distribution network, it is perceptible that with the increase of the 
load, the ratio between the number of hours with active power requirements and the number 
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of hours with active power and/or reactive power requirements for capacity support provision 
augments. This means that, with the increase of electric demand, the need for resources 
capable of addressing the increased requirements for active and reactive power increases. 
Therefore, the implementation of the coordinated integration approach of BESSs leads to a 
higher need of adjustments of the schedule of BESSs, which is reflected in higher opportunity 
costs (as illustrated in Figure 5.29). Results show the integration of renewable sources present 
a significant impact in the capacity support requirements of the distribution network. 
Particularly, the active power injection from the renewable sources limit the active power 
requirements at the primary substation, which in turn reduces the duration of the additional 
capacity requirements. This results from the fact that the reduction of the net demand seen 
from the primary substation is more efficiently performed by increasing of local generation. 
However, in spite of the significant installed capacity of renewable sources (25% of the capacity 
of the primary substation), renewable sources are not capable of addressing all the capacity 
support requirements in virtue of the variability of the renewable resources. For instance, 
during several periods of high electric demand, renewable sources present diminished 
generation. 
The integration of BESSs further contributes to the maintenance of the capacity limits at 
the primary substation during a longer period of time. However, the impact of the non-
coordinated BESSs in the capacity support requirements by the DSO is significantly more 
reduced than the impact of the coordinated BESSs. This occurs in virtue of the fact that the 
non-coordinated BESSs do not present any distribution network awareness, meaning that their 
schedule is defined based on the maximisation of their owners technical and economic benefits. 
The more limited performance of the non-coordinated BESSs at the distribution network level 
results also from a non-active management of their reactive power exchange. This is 
particularly relevant for the BESS coupled with the wind park that is capable of locally and 
adequately compensating for reactive power needs during longer periods of time. 
In case the coordinated approach to the integration of BESSs is implemented, the number 
of hours in which additional capacity support requirements exist, is further reduced by the 
existing BESSs. In fact, the coordinated BESSs are capable of fully addressing capacity support 
requirements during the first 5 years of the planning horizon. This means that the BESSs, when 
the coordinated approach is implemented, are capable of deferring investments in capacity 
upgrade at the distribution network level. Nonetheless, the coordinated BESSs are not capable 
of mitigating capacity support needs with the growth of electric demand, beyond year 5 of the 
planning horizon. This occurs in virtue of insufficient available discharging power and, in the 
last 3 years of the planning horizon, of insufficient storage capacity. This results from the fact 
that, in this case study, the existing BESSs do not have their battery technology and size 
optimally selected considering, beforehand, the implementation of the coordinated approach 
and, thus, the capacity support requirements during the planning horizon.    
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The evolution of the opportunity costs for the DSO during the planning horizon of 
implementing the coordinated approach is illustrated in Figure 5.29. These opportunity costs 
are presented at current prices (i.e., without considering inflation) and are divided per 
stakeholder owning the BESSs.  
 
 
Figure 5.29. Evolution of the opportunity costs for battery storage during the planning horizon 
Results show that the increase of the opportunity costs over time is in line with the 
additional hours per year in which the coordinated BESSs are capable of maintaining the 
capacity limits at the primary substation. Moreover, while the opportunity costs concerning the 
hybrid system owner are predominant, the ratio between the opportunity costs of the DSO for 
the industrial prosumer and the opportunity costs for the hybrid system owner decreases during 
the planning horizon. This occurs, in the first years of the planning horizon, in virtue of the 
adequate management of the reactive power exchange of the hybrid system as well as its more 
constrained participation in the secondary reserve market, which are sufficient and the most 
economically way to perform capacity support for the DSO. However, with the increase in the 
requirements for capacity support provision, the BESS of the industrial prosumer is significantly 
more utilised for this regulated service, with this being translated in a more severe increase of 
the opportunity costs related with this stakeholder. 
The total opportunity costs during the planning horizon present a total present value 
(considering 2% of inflation) of 2.56 M€. On one hand, this means that the active participation 
of the stakeholders owning BESSs in the coordinated approach would only be cost-effective if 
the resulting economic benefits were equal or superior to these opportunity costs. On the other 
hand, for the DSO, the implementation of the coordinated approach would only be 
economically pertinent in case the adequate integration of alternative means of flexibility (e.g. 
capacity upgrade of the primary substation, capacitor banks), which could potentially provide 
similar benefits as BESSs, present higher integration costs than these opportunity costs. For 
example, in the period of time in which the coordinated BESSs are capable of theoretically 
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deferring the need of investing in upgrading the capacity of the primary substation, i.e., 5 
years, the present value of opportunity costs amount for 457.5 k€. This means that the 
implementation of the coordinated approach would only be cost-effective if the resulting 
benefits including the 5-year deferment of the investment in upgrading the capacity of the 
primary substation (e.g. a new 10-MVA OLTC transformer) and the reduction of energy losses 
are higher than these opportunity costs. Nonetheless, these opportunity costs need to be 
compared with the opportunity costs of the integration of alternative solutions such as 
capacitor banks, in order to adequately establish the long-term plan for the distribution 
network. 
5.6. Final remarks 
In this chapter, the proposed planning and operation framework for the coordinated 
integration of multifunctional battery systems in distribution networks of interconnected and 
liberalised power systems is validated in a case study, described in Section 5.2. The 
quantification of the technical and economic impacts of the two considered BESSs is achieved 
by the implementation of the developed planning framework, of the proposed functional 
architecture and of the underlying mathematical formulation. However, this is performed in 
two main methodological steps. First, the optimal battery technology selection and sizing are 
performed considering only that the BESSs provide services to their owners. Therefore, the 
technical and economic assessment of the integration of a BESS by an industrial prosumer is 
detailed in Section 5.3. The integration by a wind park promoter of a BESS is technically and 
economically assessed in Section 5.4. Second, the participation of the optimal BESSs solution 
in the perspective of the stakeholders integrating them in the proposed coordinated approach 
is studied. The detailed quantification of the operational impacts and, thus, the impacts on 
the economic performance of BESSs during the planning horizon resulting from the 
implementation of the coordinated approach are presented in Section 5.5. This evaluation is 
performed considering the impacts of the proposed approach at the distribution network level, 
and at the operational level of each stakeholder integrating battery storage. 
The operational performance of the industrial prosumer integrating a lead-acid based BESS 
with 1800 kW of charge power, 2700 kW of discharge power, and 5400 kWh of storage capacity, 
is significantly improved by the BESS. This improvement is reflected in the reduction of demand 
charges, resulting from a more adequate active power and reactive power management, while 
the backup reserve functionality for the industrial prosumer electric load is ensured. However, 
the economic benefits that the optimal BESS solution is capable of providing during the planning 
horizon are not sufficient to surpass its integration costs. On one hand, the economic benefits 
of the BESS are limited in virtue of the backup reserve functionality that not only is not 
monetised but, moreover, defines the minimum technical size of the BESS. On the other hand, 
technical benefits such as the mitigation of PV generation intermittency are directly translated 
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into economic benefits, with the exception of the periods of time in which PV generation occurs 
during peak demand charges (i.e., during summer season). This means that the industrial 
prosumer does not benefit from presenting a more predictable and controllable net demand. 
In fact, results reveal that the BESS can provide additional benefits to the industrial prosumer 
in case PV intermittency response is not performed. Nonetheless, the opportunity costs of 
performing this functionality, i.e., the difference between the economic output of the BESS 
when it performs and when it does not perform PV intermittency response, amount only for 
3.1% of the potential benefits of the BESS.  
The integration by the renewable promoter of a NaS based BESS with 1000 kW of charge and 
discharge power limits, and with 7500 kWh of storage capacity results in a significant increase 
of the value of wind energy, particularly due to the participation in the secondary reserve 
market, which is enabled by the BESS. The hybrid system (wind park with BESS) is capable of 
following its planned combined output during significant extents of time while adequately 
responding to upward and downward reserve requests from the TSO. An adequate operation is 
achieved, first, by the mitigation of short-term wind power fluctuations and, second, by 
maintaining adequate SoC levels to mitigate risks of not fulfilling a TSO upward or downward 
active power adjustment. However, the improved performance resulting from the integration 
of the BESS is not translated into sufficient revenues to economically justify its integration. 
Nonetheless, the optimal size and technology of the BESS results from the establishment of 
minimum technical performance requirements that led to the deployment of a larger and more 
representative battery solution. Results show that cost-effective BESSs exist for the considered 
applications, although with relatively low technical impacts in the operation of the hybrid 
system. Moreover, the optimal BESS reveals to be robust to the variations of key integration 
parameters such as market prices and wind forecast errors. In fact, forecast errors are one of 
the main factors when assessing the integration of BESSs coupled with the wind park, with 
impacts not only in the mitigation of these forecast errors but, also, in the effectiveness of the 
participation of the hybrid system in the secondary reserve market. These impacts consist of 
different operational requirements from the BESS, namely the frequency and duration of 
charging and discharging cycles, as well as impacts during the planning horizon, particularly in 
what concerns the useful life of the BESS. 
The implementation of the proposed methodology in a case study of a Portuguese 
distribution network demonstrates that, in the coordinated approach, the available storage 
resources are optimally utilised to perform regulated services to the network, in addition to 
the optimization of the storage owner inherent services portfolio. This means that BESSs not 
only enhance its owner technical and economic performance but, moreover, support a more 
efficient and flexible distribution network leveraging the social welfare of storage resources. 
In fact, the coordinated integration of BESSs enables the DSO to significantly reduce both its 
operational and capital expenditure. However, the contribution of BESSs to the optimal 
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operation of distribution networks comes at the expense of a reduction on their performance 
in the provision of their owner’s intrinsic services. This is consequence of conflicting objectives 
between the activities of the BESSs owners and the role of the DSO, which reduces the economic 
output of BESSs by requiring adjustment to their optimal active power and reactive power 
schedule. Therefore, the cost-effectiveness of the coordinated approach to the integration of 
BESSs would need commercial contracts between BESS owners and the DSO to reflect the 
opportunity costs of performing regulated services. 
The implementation of the proposed coordinated approach to the integration of BESSs in 
distribution networks implies added complexity to the current distribution network operation 
paradigm. In fact, the methodology demands increased observability of the distribution 
network including near real-time measurements of several electrical quantities (voltage, 
currents, power factor at secondary substations) as well as accurate forecasting tools for 
renewable generation and electric demand. Moreover, the development and implementation 
of such systems and tools needs to come along with the integration of a reliable 
communications infrastructure that is capable of managing significant amounts of data. 
Nonetheless, the technical and technological requirements for the implementation of the 
proposed operational method for the coordination of existing BESSs in a distribution network 
are quickly becoming a reality under the smart grid implementation roadmap, which has led to 
the widespread of technologies for the automation of distribution networks. 
 
  
 
Chapter 6  
Integrating battery storage in the 
operation of island electric grids 
6.1. Overview 
Electrically islanded systems present unique technical, economic, and regulatory 
opportunities as well as challenges to the integration of Battery Energy Storage Systems 
(BESSs). On one hand, these opportunities and challenges are in line with the ones that lead to 
the widespread of Renewable Energy Sources (RES), being related with the usual vertically 
integrated structure of island electric grids and the inherent characteristics of its generation 
and distribution systems (e.g. high generation costs). On the other hand, these opportunities 
and challenges have been further stressed by the integration large shares of intermittent RES 
with limited predictability characteristics. The opportunities for battery storage consist of the 
fact that the costs and the technical and economic benefits of BESSs can be more clearly 
quantified and, thus, a business model for battery storage can be established. Therefore, the 
objectives of the operation of BESSs can be identified, being the perspective on the deployment 
of BESSs typically a system’s perspective. This means that in islanded systems the objective of 
the system operator in what concerns the minimisation of the operational costs, including the 
generation costs, is often implemented. Furthermore, the security, the reliability and the 
flexibility requirements invoked by the significant introduction of renewable sources present a 
clear opportunity for the integration of flexible, highly controllable resources such as BESSs. 
This results from the volatility of the islanded system inherent to the lower inertia of these 
systems when compared to interconnected power systems. 
Nonetheless, the fact that the generation system is directly connected to the distribution 
network and the sources of power are limited to the local conventional generation and the 
local renewable sources (there is not interconnection to other electric systems that could 
provide power) poses additional challenges to the integration of BESS. In order to comprehend 
and quantify the impacts of BESSs, a more detailed modelling of the distribution network 
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including the generation system is necessary. Moreover, the optimal operation for the BESS can 
only be achieved if the behaviour of the other operational variables (e.g. thermal generators 
output, renewables curtailment) is also modelled and calculated. 
The purpose of this chapter is to present a modelling, simulation and optimisation method 
to the integration of BESSs in the operation of islanded power systems with high renewables 
penetration levels. First, the operational challenges in islanded systems with renewables are 
described in detail, being identified the potential role of BESSs in addressing these challenges. 
Then, state-of-the-art approaches to the modelling and the operational optimisation of battery 
storage in island electric grids are discussed. The formulation for the modelling of the 
operational stage and the optimal operation of a BESS in an islanded power system is presented. 
The proposed operating strategy for the islanded system, including renewable sources and the 
BESS, is detailed considering each individual asset of the system and their integrated 
management and operation with the objective of minimising Operational Expenditure (OPEX). 
Last, the multi-stage approach is proposed to the operation of the islanded system. The 
integration of this operational algorithm within the developed planning framework (presented 
in Chapter 3) is examined. 
6.2. The challenge of operating battery storage in islanded 
systems 
In island electric grids, thermal generating units (e.g. diesel-fired and/or fuel oil generators) 
are the most common power production systems, presenting high fuel costs and a significant 
CO2 print. Traditionally, electric demand characteristics such as peak power together with the 
possibility of a thermal generator failure were the main sources of uncertainty in the operation 
of islanded systems. However, the integration of RES changes this paradigm. On one hand, RES 
contributes to reducing fuel usage and offsetting the need of reinforcing the installed capacity 
of the islanded system. Therefore, RES can contribute to the reduction of operational costs as 
well as capital costs. On the other hand, the introduction of significant capacity of intermittent 
renewable sources means that thermal generators have to adjust to the variations of renewable 
generation and electric demand. Additionally, potential operational problems resulting from 
the electrically isolated nature of the grid and the local nature of the generation system 
(directly connected to the distribution network) are further aggravated by the presence of 
renewables. Weak grids such as island electric grids can present significant frequency and 
voltage excursions due to the small inertia of the systems (small number of rotating machines) 
and the low short-circuit power of the grid. These typical characteristics of islanded power 
systems with renewables often present challenges that can be addressed by an adequately 
operated (and sized) BESS.  
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6.2.1. Operational challenges in islanded power systems with renewables 
Some of the major challenges for the operation of islanded systems reside in the technical 
limits of small-scale thermal generators (range of few kW-20 MW), in inherent isolated grids 
constraints, and in spinning reserve requirements in the presence of RES. In fact, technical 
constraints of small-scale thermal generators of islanded power systems have been recognized 
as the most relevant limiting factors to the adequate accommodation of renewables sources in 
these grids [22, 158]. These limitations of the thermal generators are related with their 
technical minimum loading levels, their starting and shutdown processes as well as their 
ramping capabilities, i.e., their capability of adjusting their output to variations of load. 
The technical minimum of thermal generators varies accordingly to factors such as fuel 
type, age and engine condition, typically presenting values between 20%-50% of rated power 
[22]. The need to fulfil reserve requirements leads to lower operating points of the thermal 
generators, as the electric load of the islanded system has to be allocated to more generators. 
This technical constraint is further stressed with the penetration of renewables as these sources 
reduce the load fed by thermal generators and, thus, lowers their operating point (for the same 
number of generating units). Nonetheless, reserve requirements in order to guarantee security 
criteria need to be ensured during the operation of the island electric grid. This means that it 
is common that renewable generation has to be curtailed in order to maintain the technical 
minimum of thermal generators as well as the reserve requirements. Moreover, the rate, 
magnitude and duration of the curtailment of renewable power depends of the penetration 
levels of these sources, i.e., the higher the share of renewable sources (also depending on the 
renewable generation mix) the higher the need for renewable power curtailment.  
The integration of renewables further deteriorates the efficiency of the thermal generators 
due to the consequent lower operating point. This is caused by the typical consumption curve 
of a small-scale thermal generator (e.g. smaller than 20 MW), illustrated in Figure 6.1. 
 
 
Figure 6.1. Example of a typical consumption curve of a small-scale thermal generator 
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The consumption curve profile shows that, despite renewable generation can reduce the 
consumption of fuel in absolute terms, renewable generation can potentially increase the 
specific consumption of the islanded system, i.e., the quantity of fuel in Litres or Kilogram per 
each kWh produced by the thermal generators. The example thermal generator in Figure 6.1 
presents a minimum load factor of 50%. The consumption values for operating points below 50% 
of rated capacity can be theoretical or inferred from practical occurrences. For example, some 
thermal generators can be operated to a certain extent of range and time below their 
theoretical technical minimum with a more calorific fuel (e.g. gasoil), albeit presenting higher 
specific generation costs and higher CO2 emissions. Nonetheless, in this case the curtailment 
of renewables could be reduced. The consumption below the minimum loading factor can also 
represent the consumption during the starting and/or shutdown of the thermal generator (also 
based on a more calorific fuel).  
The starting and shutdown processes of the thermal generators significantly influence the 
operation of the islanded power system. This results from the fact that these processes are not 
instantaneous, being small-scale thermal generators only capable of providing power at a 
certain percentage of their rated power after a certain amount of time, when starting. Also, 
the shutdown is only achieved when the thermal generator reduces its output to a certain 
percentage of its capacity (e.g. 25% of rated capacity). Figure 6.2 shows an example of a 
starting curve of a small-scale thermal generator. In this example, the thermal generator is 
only capable of providing power after 15 minutes and can only provide its full capacity after 
30 minutes.  
 
 
Figure 6.2. Example of a starting curve of a small-scale thermal generator 
The implications of the starting and shutdown processes in the operation of the islanded 
system are twofold. First, reserve requirements need to be adjusted to the time a starting 
thermal generator takes to deliver a certain amount of power (that depends on the operational 
strategy and security criteria that needs to be ensured). This means that sufficient spinning 
reserve is ensured for the starting of a thermal generator to be completed. Consequently, the 
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operation of the islanded system is performed with more thermal generators online than could 
be needed at lower operating points, due to the increased need for spinning reserve. Shutting 
down a thermal generator occurs when the generation system is capable of feeding the demand 
and ensuring security criteria without that generator. However, during this process, renewable 
generation may be curtailed in order to maintain the online thermal generators at operating 
points above their technical minimum.  
In islanded power systems, thermal generators have to compensate very rapidly to sudden 
power deficits or surpluses. However, these conventional units often present limited ramp 
response to power fluctuations (in percentage of rated capacity per unit of time). Therefore, 
the variable and intermittent character of renewable sources such as PV and wind poses an 
additional challenge to thermal generators and, thus, can lead to severe frequency excursions. 
Such frequency deviations depend of the magnitude and speed of the fluctuation 
counterbalanced by the ramp rate capability of the thermal generating units. Along with these 
short-term variations, thermal generators are also required to adjust to longer-term variations 
of electric demand and renewable generation related with their seasonable behaviour. 
Additionally, recurrent variations of the output of thermal generators, which mean constant 
changes in the throttle motion of these units, often deteriorates their fuel specific 
consumption. The increased throttle motion of the thermal generators may also cause the 
augment of their maintenance needs and the reduction of their useful life [22]. 
 
 
Figure 6.3. Impacts of renewable generation on the fuel consumption of the islanded system 
 The aforementioned operational constraints of the conventional thermal units limit the 
flexibility of the islanded power system and hurdle the use of the available renewable potential 
and, thus, impose significant challenges to the accommodation of higher penetration levels of 
renewables. Furthermore, curtailed renewable power not only negatively influences the 
economics of renewables integration but, also, counteracts the OPEX and CO2 print reductions 
that they could potentially provide. Figure 6.3 presents a conceptual view of the actual and 
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potential effects of renewable generation on the fuel consumption of thermal generators in an 
islanded system. It is illustrated that, although part of the fuel consumption can be avoided by 
the introduction of renewable sources, this integration cannot achieve its potential due to the 
inherent characteristics of the islanded system and, particularly, of its generation system that 
is based in thermal generators of limited flexibility.  
In what concerns fuel consumption, battery storage can play an important role in its further 
reduction. In fact, the fraction of the actual fuel displaced by renewable sources in Figure 6.3 
can be augmented (with the contribution of battery storage) while diminishing the fractions 
related with the stressing of operational constraints caused by renewable sources existing in 
the islanded system. This results from the potential multifunctional behaviour of BESSs and 
their characteristics of addressing voltage and frequency deviations. Battery systems may 
charge in order to increase the operating point of the thermal generators online and, thus, 
avoid the curtailment of renewable generation. Battery systems may compensate the fast 
fluctuations of load and renewable sources, thus reducing the throttle motion of thermal 
generators. Moreover, battery systems can participate in the provision of reserve to the 
islanded system and can, potentially, allow the operation of the islanded system with fewer 
generators online. This could avoid not only the curtailment of renewable generation but, also, 
the operation of the thermal generators at higher operating points. Nonetheless, the potential 
beneficial impacts of battery storage are not limited to the reduction of fuel consumption. In 
fact, the fuel consumption reduction is a consequence of more accommodation of renewable 
sources and a more reliable and flexible operation of the islanded power system, when BESSs 
are adequately integrated.  
6.2.2. Methodological approaches for BESS operation in island electric grids 
The operational strategy implemented in an islanded power system with a significant 
presence of renewable sources dictates how the generation system and the distribution 
network to which it is connected are operated, how renewable sources are managed in terms 
of their controllability (i.e., power curtailment) and how reserve requirements are determined. 
Moreover, the operational strategy defines to which extent battery storage can beneficially 
impact the operational efficiency of the islanded system, i.e., how a BESS can contribute to 
the increase of the flexibility of the system to adequately handle renewable sources with a 
significantly constrained generation system, reducing costs and enable the further integration 
of RES.  
The representation of the operational strategy through an adequate modelling of the 
operational stage of the problem of integrating BESSs is fundamental. Such modelling needs to 
include the BESS and the existing infrastructure to which the BESS is connected (e.g. 
conventional generation system, renewable sources, distribution network). Additionally, the 
optimisation method applied for providing a solution to the operation problem, the approach 
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implemented for the quantification of the technical and economic impacts of BESSs are 
relevant for the proper integration of battery storage. The rationale for the relevance of these 
aspects is the conferred robustness to model the uncertainty associated with the operation of 
the islanded system, particularly in the presence of high shares of renewable sources, as well 
as to quantify the impacts of the BESS on other network assets.  
However, an approach based on a more detailed modelling of the operational stage and a 
more accurate optimisation method often means that the approach to the quantification of the 
impacts of the BESS present a lower level of accuracy or vice-versa. In [24] a rule based method 
for the operation of the generation system, renewable sources and the BESS of an islanded 
system is proposed with the objective of minimising generation costs. This rule based process 
consists of defining operating modes for the islanded system taking into account the forecasted 
renewable availability as well as the power and energy that can be made available by the BESS. 
According to the mode of operation (that differs depending of the scheduling phase), the 
renewable generation and the calculated power exchange of the BESS, the set-points of the 
thermal generators are proportionally defined. Rule based methods are also proposed in [105, 
159] where the operation problem is addressed based on a simplified model of the islanded 
system and imposing several heuristic rules to define the output of the BESS and the level of 
curtailment of renewable sources. Despite not considering the distribution network (single 
busbar approach) a detailed model of the BESS is implemented (e.g. in [105] an electrical model 
of a NaS battery is presented). Nonetheless, in [159] the single objective of the operation of 
the BESS is the minimisation of wind curtailment rather than the broader objective of the 
minimisation of operational costs (e.g. fuel consumption) of the islanded system which is more 
the most common goal in these works. 
The aforementioned rule based works rely on basic decision-making processes with an hourly 
resolution, where the uncertainty of renewable sources is tackled by imposing reserve 
requirements at least equal to the actual renewable generation. More complex modelling of 
island electric grids and more accurate optimisation methods for the problem of operation of 
islanded systems are proposed in [21, 160]. In [160] a two-stage Mixed Integer Non-Linear 
Programming (MINLP) tool is advanced for the operation of the islanded system. The first stage 
of the formulation consists of the day-ahead planning of operation incorporating forecasts of 
renewable resources and electric demand. The second stage consists of power flow analysis in 
order to ensure that the scheduling of the thermal generators, the renewable curtailment and 
the power exchange of the BESS calculated in the first stage of the method guarantee the 
fulfilment of voltage and current limits of the distribution network of the islanded system. A 
MINLP method is also proposed in [21] although the modelling of the operational stage is limited 
to the planning of operation, meaning that the uncertainty of renewable generation is 
disregarded.  
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Works addressing the problem of integrating BESSs in the operation of islanded power 
systems often fail to capture the sub-hourly variability of operational conditions, particularly 
the ones caused by renewable sources. In fact, most approaches present an hourly resolution 
([21] implements half-hour resolution). Larger time resolutions lead to inaccuracy in the 
quantification of the impacts of BESS, particularly in what concerns their potential to further 
integrate renewable sources by responding to their intermittency and providing reserve to the 
islanded system. Additionally, an hourly resolution often fails in recognizing the impacts of the 
starting and shutting down processes of thermal generators in the operation of the islanded 
system. Another advantage of more granularity in the time discretization of the operational 
problem is the more adequate profiling of the cycle life of battery storage.  
6.3. Battery storage in islanded power systems: operational 
method 
This section presents the developed operational method for the integration of battery 
storage in the operation of islanded power systems with renewable sources. This operational 
tool stands as the foundation for the broader planning framework, detailed in Chapter 3, which 
aims at optimally siting, selecting the BESS technology as well as sizing its charge and discharge 
power limits and energy capacities. The synergies between these two modules of the overall 
proposed methodology for the optimal integration of BESS in island electric grids provide an 
adequate assessment of the technical, environmental and economic impacts of a BESS in this 
context over the planning horizon. First, the nomenclature of the developed mathematical 
formulation of the operation problem in islanded systems with renewable sources and the 
existence of a BESS is presented (Section 6.3.1.). Then, the operational method is described 
with emphasis on its multi-stage character, and focusing in its integration with the planning 
framework (Section 6.3.2.). The developed mathematical model of the operation problem is 
presented in Section 6.3.3. Last, the multi-stage optimisation approach that utilises rolling 
time-windows is described in detail in Section 6.3.4.  
6.3.1. Nomenclature 
Sets 
K Set of indices of the thermal generating units. 
R Set of indices of the renewables generators. 
T Set of indices of the time periods. 
W Set of indices of the wind parks (subset of R). 
 
Constants 
𝛼𝑘
𝑢𝑝, 𝛼𝑘
𝑑𝑛 Starting and shutdown costs of thermal unit k. 
𝛽𝑟 Cost of curtailing renewable generator r. 
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∆𝑡 Fraction of time relative to an hourly period. 
ηc, ηd Charging and discharging efficiency, respectively, of the battery energy storage 
system. 
λk,j Coefficient cost of block j of the piecewise linear cost function of thermal unit k. 
𝐸𝐵𝐸𝑆𝑆 Energy capacity of the battery energy storage system. 
L̂P(t) Forecasted islanded system demand in period t. 
MOk Minimum operating time of thermal unit k. 
𝑀𝐷𝑘 Minimum down time of thermal unit k. 
Pk
Gen Minimum active power output of thermal unit k. 
Pk
Gen Maximum active power output of thermal unit k. 
P̂r
RES(t) Forecasted active power output of renewable generator r in period t. 
Pd
BESS Maximum discharging power of the battery energy storage system. 
PcBESS Maximum charging power of the battery storage system. 
𝑅𝑈𝑟𝑒𝑞(𝑡) Ramp up requirement in the islanded system in period t. 
𝑟𝑢𝑘(𝑡) Ramp up capability of thermal unit k in period t. 
SoC, SoC Minimum and maximum State of Charge of the battery energy storage system, 
respectively. 
SoC0 Initial State of Charge of the battery storage system. 
SRreq(t) Spinning reserve required in the islanded system in period t. 
suk(𝑡) Starting up ramp of thermal unit k in period t. 
v̂(t), v(t) Forecasted and actual wind speed (m/s) in period t. 
vmin
SR  Minimum wind speed to reduce spinning reserve requirements. 
vmax
SR   Maximum wind speed to reduce spinning reserve requirements. 
 
Variables 
μk(t) Binary variable that is equal to 1 if thermal unit k is online in period t and 0 otherwise. 
πd(t) Binary variable that is equal to 1 if the battery system is discharging in period t and 
0 otherwise. 
πc(t) Binary variable that is equal to 1 if the battery system is charging in period t and 0 
otherwise 
ck
Gen(t) Generation cost of thermal unit k in period t. 
ck
up(t) Starting cost of thermal unit k in period t. 
ck
dn(t) Shutdown cost of thermal unit k in period t. 
cr
ct(t) Curtailment cost of renewable generator r in period t. 
Gk,j(t) Power produced in block j of the piecewise linear cost function of thermal unit k in 
period t. 
pr
ct(t) Active power curtailment of renewable generator r in period t. 
pk
Gen(t) Active power output of thermal unit k in period t. 
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pk
Gen(t) Maximum available active power output of thermal unit k in period t. 
pr
RES(t) Power output of renewable generator r in period t. 
pBESS(t) Power exchange of the battery energy storage system in period t. 
pd
BESS(t) Discharging power of the battery energy storage system in period t. 
pd
BESS(t) Maximum available discharging power of the battery system in period t. 
pc
BESS(t) Charging power of the battery energy storage system in period t. 
SRava(t) Spinning reserve available in the islanded system in period t. 
𝑅𝑈𝑎𝑣𝑎(𝑡) Ramp up capacity available in the islanded system in period t. 
6.3.2. Overview of the operational method 
The objective of the developed operational method is to optimally integrate a BESS in the 
operation of a renewable-driven islanded power system in order minimise its operational costs 
(e.g. fuel consumption) at system level. With this purpose, a multi-stage operational algorithm 
is developed to determine the most suitable periods of time to charge and to discharge the 
BESS according to the overall operation objective of the islanded system. However, the 
integration of the BESS is not self-contained, i.e., the control and operation of the BESS 
influences the operation of the distribution network and the elements connected to it. 
Therefore, the adequate integration of the BESS is accomplished by managing the controllable 
elements of the islanded system, i.e., the thermal generators output and the curtailment of 
renewable sources. At the distribution network level, On-Load Tap Change (OLTC) transformers 
and capacitor banks with switching capabilities are also active elements of the operation of 
the islanded system. Nonetheless, the operational strategy that defines the principles of the 
operational method is the same with and without the existence of the BESS. Consequently, the 
impacts of the BESS in the operation of the islanded system can be adequately quantified.  
Figure 6.4 presents an overview of the developed operational method, its inputs and 
outputs. The operational algorithm consists of three sequential optimisation stages that are 
performed in different moments in relation with the moment of actual power delivery, that 
present different time steps and time horizons. Each of these stages of the method, i.e., the 
day-ahead planning of operation, the short-term dispatch and operation, and the generation 
system control, is described in detail in 6.3.4. Moreover, the operational algorithm receives 
and provides inputs to the planning tool (presented in Chapter 3), being their interaction 
illustrated in Figure 3.1. The inputs from the planning tool enable the modelling of the 
distribution network and the parameterization of the operational algorithm in what concerns 
the technical characterization of the thermal generators, the renewable sources and the BESS 
as well as the economic features of the operational objectives. The outputs for the planning 
tool enable the assessment of technical aspects such as the output profiles of the decision 
variables (thermal generators, renewable sources and BESS) and the consequent estimation of 
the renewables’ curtailment and cycle profile of the BESS. Moreover, the resulting operational 
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costs can be quantified. As the operational algorithm can be applied with and without the 
existence of the BESS, the economic benefits, i.e., the revenues provided by the BESS are 
calculated in a logic of avoided costs, i.e., the reduction of the OPEX in terms of fuel (e.g. 
gasoil, lubricants and fuel oil) consumption. 
 
 
Figure 6.4. Overview of the operational algorithm for battery storage in islanded systems 
6.3.3. Operating strategy including renewable sources and the BESS 
The operation of islanded systems with significant shares of renewable generation is driven 
by technical and economic criteria related with the structure and inherent characteristics of 
the island’s generation system and distribution grid. The predominant factors of islanded 
systems’ operational strategy are the electric demand, the availability and characteristics of 
renewable sources, technical limits of the thermal generators and the existence of the BESS.  
This operation tool models the operational strategy of the islanded system reflecting the 
approach to the optimisation process that is based on Mixed Integer Linear Programming (MILP). 
6.3.3.1. Objective function 
The implementation of the operational strategy has the purpose of minimising operational 
costs taking into account security criteria and constraints of the different assets (e.g. thermal 
generators, renewables and BESS) that constitute the overall electric system of the island. 
Operational costs are related with thermal generators production costs (e.g. fuel oil 
consumption), their starting and shutdown costs, as well as penalties for curtailing renewable 
power. These objectives are defined by (Eq. 6.1).  
 
min∑([∑𝑐𝑘
𝐺𝑒𝑛(𝑡) + 𝑐𝑘
𝑢𝑝(𝑡) + 𝑐𝑘
𝑑𝑛(𝑡)
𝐾
𝑘=1
] + [∑𝑐𝑟
𝑐𝑡(𝑡)
𝑅
𝑟=1
])
𝑇
𝑡=1
 (Eq. 6.1) 
Production costs of the thermal generators in (Eq. 6.2) result from an accurate 
approximation by a set of piecewise segments of the typical quadratic production cost function 
Integrating battery storage in the operation of island electric grids  
192 
of thermal generators [161]. 𝜆𝑘,1 is the exact quadratic cost incurred by the thermal generator 
k to produce at its minimum operation point. Note that the equations of the following 
mathematical formulation are valid for every sets defined in the nomenclature (i.e., ∀𝑘 ∈
𝐾, ∀𝑡 ∈ 𝑇, ∀𝑟 ∈ 𝑅, ∀𝑤 ∈ 𝑊, when applicable), unless stated otherwise. 
 
𝑐𝑘
𝐺𝑒𝑛(𝑡) = 𝜆𝑘,1. 𝜇𝑘(𝑡) +∑𝜆𝑘,𝑗 . 𝐺𝑘,𝑗(𝑡)
𝑁𝑆
𝑗=2
 (Eq. 6.2) 
The thermal generators’ starting and shutdown costs that typically exist in islanded systems 
reflect their need to consume a more calorific fuel (e.g. gasoil) when operating at low load 
factors. The inclusion of these costs rely only on the binary variables related with the online 
and offline state of the thermal generating units,  𝜇𝑘(𝑡). 
 
𝑐𝑘
𝑢𝑝(𝑡) ≥ 0  ∧  𝑐𝑘
𝑢𝑝(𝑡) ≥ 𝛼𝑘
𝑢𝑝. [𝜇𝑘(𝑡) − 𝜇𝑘(𝑡 − 1)] (Eq. 6.3) 
 
𝑐𝑘
𝑑𝑛(𝑡) ≥ 0 ∧ 𝑐𝑘
𝑑𝑛(𝑡) ≥ 𝛼𝑘
𝑑𝑛. [𝜇𝑘(𝑡 − 1) − 𝜇𝑘(𝑡)] (Eq. 6.4) 
The formulation of the cost of curtailing renewable energy in (Eq. 6.5) mostly reflects curtail 
controllability and regulatory issues. For example, the most recently commissioned renewable 
units are the firsts to be curtailed which is modelled by a lower 𝛽𝑟 value (this is common 
practice on the Portuguese islands). Moreover, the curtailment of wind power is prioritized in 
relation to other non-flexible renewable sources such as geothermal power in virtue of their 
technological constraints of their resource that impose further limits to the controllability of 
these sources. This is modelled defining a higher 𝛽𝑟 value for the corresponding variable.  
 
𝑐𝑟
𝑐𝑡(𝑡) =∑𝛽𝑟 . 𝑝𝑟
𝑐𝑡(𝑡)
𝑅
𝑟=1
 (Eq. 6.5) 
6.3.3.2. Thermal generators 
Thermal generators that are typically deployed in islanded power systems present several 
intrinsic operational constraints. The (Eq. 6.6)  models the technical minimum operating point 
and the maximum power output of the diesel-fired units.  
 𝑃𝑘
𝐺𝑒𝑛 . 𝜇𝑘(𝑡) ≤  𝑝𝑘
𝐺𝑒𝑛(𝑡) ≤ 𝑝𝑘
𝐺𝑒𝑛(𝑡) ≤ 𝑃𝑘
𝐺𝑒𝑛 . 𝜇𝑘(𝑡) (Eq. 6.6) 
Furthermore, thermal generators due to thermal constraints have to remain online or offline 
once they are brought online or shutdown, respectively, during a certain amount of time (e.g. 
two hours). The minimum operating time of each thermal generator is formulated in (Eq. 6.7)-
(Eq. 6.9). Analogously, the minimum down time is modelled in (Eq. 6.10)-(Eq. 6.12). 
 
∑ [1 − 𝜇𝑘(𝑡)]
𝑀𝑂𝑖𝑛𝑖,𝑘
𝑡=1
= 0 (Eq. 6.7) 
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∑ 𝜇𝑘(𝑛) ≥ 𝑀𝑂𝑘 . [𝜇𝑘(𝑡) − 𝜇𝑘(𝑡 − 1)]
𝑡+𝑀𝑂𝑘−1
𝑛=𝑡
   ∀𝑘 ∈ 𝐾,
∀𝑡 = 𝑀𝑂𝑖𝑛𝑖,𝑘 + 1…𝑇 −𝑀𝑂𝑘 + 1 
(Eq. 6.8) 
 
∑(𝜇𝑘(𝑛) − [𝜇𝑘(𝑡) − 𝜇𝑘(𝑡 − 1)])
𝑇
𝑛=𝑡
≥ 0         ∀𝑘 ∈ 𝐾,
∀𝑡 = 𝑇 − 𝑀𝑂𝑘 + 2…T  
(Eq. 6.9) 
 
∑ 𝜇𝑘(𝑡)
𝑀𝐷𝑖𝑛𝑖,𝑘
𝑡=1
= 0 (Eq. 6.10) 
 
∑ [1 − 𝜇𝑘(𝑛)] ≥ 𝑀𝐷𝑘 . [𝜇𝑘(𝑡 − 1) − 𝜇𝑘(𝑡)]
𝑡+𝑀𝐷𝑘−1
𝑛=𝑡
 ∀𝑘 ∈ 𝐾,
∀𝑡 = 𝑀𝐷𝑖𝑛𝑖,𝑘 + 1…𝑇 −𝑀𝐷𝑘 + 1 
(Eq. 6.11) 
 
∑(1 − 𝜇𝑘(𝑛) − [𝜇𝑘(𝑡 − 1) − 𝜇𝑘(𝑡)])
𝑇
𝑛=𝑡
≥ 0   ∀𝑘 ∈ 𝐾,
∀𝑡 = 𝑇 −𝑀𝐷𝑘 + 2…𝑇 
(Eq. 6.12) 
The active power output of each thermal generator is defined at each time step by (Eq. 
6.13) reflecting the piecewise linearization of their cost function (NS being the number of 
discrete parts of the piecewise cost function). 
 
𝑝𝑘
𝐺𝑒𝑛(𝑡) = 𝑃𝑘
𝐺𝑒𝑛 . 𝜇𝑘(𝑡) +∑𝐺𝑘,𝑗(𝑡)
𝑁𝑆
𝑗=2
 (Eq. 6.13) 
6.3.3.3. Renewable sources 
Renewable energy sources rely on the availability of their resource (e.g. wind) to generate 
power. The output of a renewable source is defined in (Eq. 6.14), being the curtailment 
magnitude limited by (Eq. 6.15(Eq. 6.15). 
 
𝑝𝑟
𝑅𝐸𝑆(𝑡) = ?̂?𝑟
𝑅𝐸𝑆(𝑡) − 𝑝𝑟
𝑐𝑡(𝑡) (Eq. 6.14) 
 
𝑝𝑟
𝑐𝑡(𝑡) ≤ ?̂?𝑟
𝑅𝐸𝑆(𝑡) (Eq. 6.15) 
6.3.3.4. Battery energy storage system 
The BESS can actively participate and enhance the islanded system operation as it presents 
the potential to influence both the generation and the electric demand of the grid. In this 
operation tool, a mathematical model is implemented to represent the BESS. The power 
exchange of the BESS is modelled by (Eq. 6.16) where discharging is represented by positive 
values and charging by negative ones (𝑝𝑑
𝐵𝐸𝑆𝑆(𝑡), 𝑝𝑐
𝐵𝐸𝑆𝑆(𝑡) > 0). 
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𝑝𝐵𝐸𝑆𝑆(𝑡) = 𝑝𝑑
𝐵𝐸𝑆𝑆(𝑡) − 𝑝𝑐
𝐵𝐸𝑆𝑆(𝑡) (Eq. 6.16) 
The operational impacts of BESS are constrained in power and energy terms by 
characteristics inherent to the battery technology and by the technological solution of its 
interface with the network. Active power exchange is limited in (Eq. 6.17)-(Eq. 6.19). The (Eq. 
6.19) ensures that the BESS is only in one state: charging, discharging or idle. 
 
𝑝𝑑
𝐵𝐸𝑆𝑆(𝑡) − 𝑃𝑑
𝐵𝐸𝑆𝑆 . 𝜋𝑑(𝑡) ≤ 0 (Eq. 6.17) 
 
𝑝𝑐
𝐵𝐸𝑆𝑆(𝑡) − 𝑃𝑐𝐵𝐸𝑆𝑆. 𝜋𝑐(𝑡) ≤ 0 (Eq. 6.18) 
 
𝜋𝑑(𝑡) + 𝜋𝑐(𝑡) ≤ 1 (Eq. 6.19) 
The energy available in the battery device is limited by its useful energy capacity which 
corresponds to the transition between its maximum and the minimum State of Charge (SoC). 
Moreover, an adequate SoC management, i.e., maintaining the SoC between technical limits 
in all periods is ensured by (Eq. 6.20). 
 
𝑆𝑜𝐶 ≤ 𝑆𝑜𝐶0 + [∑
𝑝𝑐
𝐵𝐸𝑆𝑆(𝑛). 𝜂𝑐
𝐸𝐵𝐸𝑆𝑆
𝑡
𝑛=1
−∑
𝑝𝑑
𝐵𝐸𝑆𝑆(𝑛)
𝜂𝑑. 𝐸𝐵𝐸𝑆𝑆
𝑡
𝑛=1
] . ∆t ≤ 𝑆𝑜𝐶 (Eq. 6.20) 
6.3.3.5. Reserve management 
In islanded systems, reserve management is a fundamental aspect to achieve a secure but 
also efficient and flexible network operation. Spinning reserve requirements in islands are 
often related with the failure of the largest thermal generator or is equivalent to the loss of a 
certain percentage of the existing intermittent renewable sources [20, 161]. Nonetheless, 
these criteria result in a constant amount of spinning reserve required that is independent of 
the real islanded system conditions which leads to a higher level of renewables curtailment 
and a less efficient operation (thermal generators produce at lower operating points). 
Therefore, the developed operational method assumes two criteria for an adequate reserve 
management. One related with the magnitude of the spinning reserve requirement and the 
other concerning the rate at which the spinning reserve can be made available. 
The magnitude of the spinning reserve requirement is influenced by the presence of 
intermittent renewable sources, mainly wind and PV generation. However, the extent to which 
the renewable generation mix modifies the reserve requirements depend on the specific 
characteristics of each type of renewable resource, i.e., the intermittency degree of PV sources 
and wind sources is different and can potentially be handled distinctly. PV sources can present 
large fluctuations of their power output (compared to their rated capacity) in a very short 
period of time (e.g. seconds to a few minutes) due to changes in their resource, i.e., the solar 
irradiation. This can be caused by the passage of clouds that shadow the PV modules. Wind 
sources typically do not present such severe power variations in magnitude and time due to the 
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behaviour of wind and the technology that utilises this resource, however still presenting 
several integration challenges.   
Consequently, a wind speed based spinning reserve criterion is developed to take advantage 
of the typical wind turbine power curve. Depending on the turbine technology, different levels 
of spinning reserve can be established according to the steadiness of wind power output to 
variations of the wind speed. Figure 6.5 presents a typical wind turbine power curve according 
to wind speed. For wind speed values between 𝑣𝑚𝑖𝑛
𝑆𝑅 (e.g. 15 m/s) and 𝑣𝑚𝑎𝑥
𝑆𝑅  (e.g. 24 m/s), a 1 
m/s change (upward or downward)  in the wind speed presents a limited influence on the power 
output of the wind turbine (possible turbulence effects that may reduce power output). 
 
 
Figure 6.5. Typical wind turbine power curve 
Nonetheless, the required spinning reserve needs to include a certain portion of the 
installed wind capacity (e.g. 50%), i.e., the online wind power for wind speed values between  
𝑣𝑚𝑖𝑛
𝑆𝑅  and 𝑣𝑚𝑎𝑥
𝑆𝑅 . For wind speed values outside the range defined by 𝑣𝑚𝑖𝑛
𝑆𝑅  and 𝑣𝑚𝑎𝑥
𝑆𝑅 , changes in 
wind speed are directly reflected in the turbine power output. Particularly, if the turbine cut-
out speed (25 m/s) is reached it could, in an extreme case, lead to the total loss of wind 
generation. Therefore, taking advantage of the particularities of wind turbine’s power curve 
may avoid excessive wind curtailment due to spinning reserve requirements and achieve an 
adequate commitment between security and efficiency. It is assumed that this approach allows 
managing the spinning reserve requirements according to wind speed as defined by (Eq. 6.21). 
 
{
 
 
 
 
 
 
 
 𝑆𝑅𝑟𝑒𝑞(𝑡) ≥ ∑ 𝑝𝑤
𝑅𝐸𝑆(𝑡)
𝑊
𝑤=1
, 𝑣(𝑡) ≤ 𝑣𝑚𝑖𝑛
𝑆𝑅  ∨ 𝑣(𝑡) ≥ 𝑣𝑚𝑎𝑥
𝑆𝑅
𝑆𝑅𝑟𝑒𝑞(𝑡) ≥ 0,5. ∑ 𝑝𝑤
𝑅𝐸𝑆(𝑡)
𝑊
𝑤=1
, 𝑣𝑚𝑖𝑛
𝑆𝑅  ≤ 𝑣(𝑡) ≤ 𝑣𝑚𝑎𝑥
𝑆𝑅   
𝑆𝑅𝑟𝑒𝑞(𝑡) ≥ ∑[𝑃𝑘
𝐺𝑒𝑛 . 𝜇𝑘(𝑡). 0.1]
𝐾
𝑘=1
 (Eq. 6.21) 
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In the case of PV sources, the magnitude of the spinning reserve required at any given period 
of time needs to be sufficient compensate the loss of all the actual power output of these 
sources. The possibility of load shedding is addressed by maintaining the spinning reserve above 
the defined threshold and by keeping a 10% thermal generators capacity margin [20, 24]. This 
security margin is fundamental during periods of reduced or inexisting renewable generation 
allowing the system to accommodate an increase in electric demand. The available spinning 
reserve is defined in (Eq. 6.22) where the contribution of the BESS to the spinning reserve is 
determined by (Eq. 6.23) and (Eq. 6.24). The former limits the contribution of the BESS for the 
provision of spinning reserve regarding its storage capacity and its SoC technical limits. The 
latter regards the limits of the battery system in terms of discharging power. In case the BESS 
is charging, its contribution to the available spinning reserve of the islanded system can be 
larger in virtue of the larger capacity headroom that the BESS presents in these periods. 
Therefore, in (Eq. 6.24) is reflected the fact that the BESS can provide a larger variation of its 
output, in the discharging direction, when charging, and a smaller variation of its output, in 
the discharging direction, when discharging.    
 
𝑆𝑅𝑎𝑣𝑎(𝑡) = ∑[Pk
Gen. μk(t) − pk
Gen(t)]
𝐾
𝑘
+ pd
BESS(t) ≥ 𝑆𝑅𝑟𝑒𝑞(𝑡) (Eq. 6.22) 
 
𝑝d
BESS(t) ≤ (𝑆𝑜𝐶𝑖𝑛𝑖 − SoCmin). 𝐸
𝐵𝐸𝑆𝑆 +∑(𝑝𝑐
𝐵𝐸𝑆𝑆(𝑛). 𝜂𝑐 −
𝑝𝑑
𝐵𝐸𝑆𝑆(𝑛)
𝜂𝑑
)
𝑡−1
𝑛=1
 (Eq. 6.23) 
 
𝑝d
BESS(t) ≤ 𝑃𝑑
𝐵𝐸𝑆𝑆 + 𝑝𝑐
𝐵𝐸𝑆𝑆(𝑡) − 𝑝𝑑
𝐵𝐸𝑆𝑆(𝑛) 
(Eq. 6.24) 
A minimum ramp response capability of the system, e.g. in kilowatt per minute, is defined 
to accommodate fast fluctuations of renewable sources and/or electric demand. Thermal 
generators may not be capable of providing spinning reserve fast enough to accommodate these 
variations due to their limited ramp up/down response capability. Therefore, this security 
criterion is established as a steady-state rule seeking to avoid dynamic frequency excursions 
that may trip under-frequency load shedding protection. The ramp up response required in 
each period is defined in (Eq. 6.25) where a requirement proportional to the current online 
variable renewable generation is defined. Moreover, the ramp response must also be sufficient 
to cope with variations of the load (e.g. 20% in [24]). 
 
𝑅𝑈𝑟𝑒𝑞(𝑡) ≥ 0,5.∑𝑝𝑟
𝑅𝐸𝑆(𝑡)
𝑅
𝑟=1
∧ 𝑅𝑈𝑟𝑒𝑞(𝑡) ≥ 0,2. ?̂?𝑃(𝑡) (Eq. 6.25) 
The (Eq. 6.26) calculates the available ramp up response in each period. Likewise, the 
available ramp down response is defined taking into consideration the technical minimum 
operating points of the thermal generators. 
 𝑅𝑈𝑎𝑣𝑎(𝑡) = [pk
Gen(t) − 𝑝𝑘
𝐺𝑒𝑛(𝑡)] + pd
BESS(t) (Eq. 6.26) 
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The available power output of each thermal generator in any period is defined in (Eq. 6.27) 
and depends on the previous generator output and its ramp response limit. Moreover, the 
available ramp up capacity is limited in the case the thermal generator is in the starting 
process. Analogously to (Eq. 6.27), the ramp down limits are calculated considering the 
technical minimum of thermal generators and their shutdown state. 
 
pk
Gen(t) ≤ 𝑝𝑘
𝐺𝑒𝑛(𝑡 − 1) + 𝑟𝑢𝑘(𝑡). μk(t − 1) + 𝑠𝑢𝑘 . [𝜇𝑘(𝑡) − 𝜇(𝑡 − 1)] (Eq. 6.27) 
6.3.3.6. Islanded system balancing 
In (Eq. 6.28) it is established that generation and load active power balance needs to be 
maintained in all periods. Therefore, the algorithm uses the control variables (thermal 
generators power output, BESS power exchange and renewables curtailment) to meet electric 
demand requirements. 
 
∑𝑝𝑘
𝐺𝑒𝑛(𝑡)
𝐾
𝑘=1
+∑𝑝𝑟
𝑅𝐸𝑆(𝑡)
𝑅
𝑟=1
+ 𝑝𝐵𝐸𝑆𝑆(𝑡) = ?̂?𝑃(𝑡) (Eq. 6.28) 
6.3.4. The developed multi-stage operational algorithm 
 
Figure 6.6. Operational method for the operation of the islanded system with renewables and the BESS 
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The operational algorithm, detailed in Figure 6.6, has the objective of improving the 
management of the islanded grid resources. In order to adequately handle the uncertainty of 
wind power and demand as well as to exploit the better knowledge of the islanded system 
available closer to real-time operation, the algorithm involves three optimisation stages that 
are executed sequentially closer to the moment of delivery. In virtue of the different time 
resolutions and the different time horizons of each stage of the developed operational 
algorithm, the optimisation stages that are performed closer to time of delivery with a higher 
time resolution and short-term horizon are implemented in a rolling window approach during 
each day of operation. This is the case of the short-term dispatch and operation and the case 
of the generation system control in step <1.2> and step <1.3>, respectively, in Figure 6.6. 
6.3.4.1. Day-ahead planning of operation 
The day-ahead planning of operation, step ‹1.1› in Figure 6.6 performs the unit commitment 
for the following day according to the objectives defined in (Eq. 6.1) and subjected to 
constraints represented in (Eq. 6.2)-(Eq. 6.28), i.e., the model of the operational stage 
presented in Section 6.3.3. Therefore, a mixed integer linear problem is solved for each day, 
at hourly steps, considering forecasted electric demand and renewable power, the available 
thermal generators and the existence of BESS. Figure 6.7 presents the chronological aspects of 
this optimisation stage. It is performed every day at the twentieth hour, with a time horizon 
between the start of the next day (5 time steps ahead) until the end of the next day (28 time 
steps ahead), comprising 24 time steps. The rationale for this chronological order in performing 
the day-ahead planning of operation is, on one hand, to reduce forecast errors of the electric 
demand and renewable power; and on the other hand, to reduce the gap between the 
estimated values of, for example, the SoC of the BESS, the renewable curtailment, and the 
number of thermal generators online, utilised in the parameterization of this optimisation step 
and the actual values of these quantities at the beginning of the following day. Such gaps may 
occur in the case significant fluctuations of the load and/or the output of renewable sources 
lead to the anticipation or the delay of the starting or shutting down of a thermal generator, 
or lead to a different charging/discharging profile for the BESS. Nevertheless, due to the more 
detailed data regarding the generation system and the BESS resulting from closer to time of 
power delivery optimisation steps (e.g. the short-term dispatch and operation as shown in 
Figure 6.7), such discrepancies can be minimised.  
 
 
Figure 6.7. Detail of the timing, the time-step and time horizon of the day-ahead planning of operation 
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The contribution of this optimisation stage to an adequate operation of the island system 
resides mainly in establishing the order in which the thermal generators are brought online or 
are shutdown having a longer time horizon, i.e., having the perspective of all periods of the 
following day. The day-ahead planning of operation also determines the period of time of the 
starts and shutdowns of the thermal generators. The chronological sequence of the starts and 
shutdowns of the thermal generators represents the thermal generators’ management that 
leads to the most economically efficient operation of the system. Additionally, the optimal 
scheduling of the BESS is calculated, indicating the energy storage need for the following day. 
This hourly schedule can be adjusted in the subsequent optimisation stages if the actual 
realisations of the load and the renewable sources imply a different charging/discharging 
profile. Nevertheless, the hourly discretisation of the following day is not sufficient to capture 
the influence of wind and load uncertainty, or adequately assess energy capacity constrained 
technologies such as battery storage in addressing near-real time operational challenges (e.g. 
wind variability). 
6.3.4.2. Short-term dispatch and operation 
In step ‹1.2› in Figure 6.6, the short-term dispatch and operation is performed consisting on 
a simplified Model Predictive Control (MPC) technique. MPC algorithms calculate a control 
sequence minimising an objective function including constraints. Sequentially, it applies a 
receding strategy to a horizon (set of predicted events of the process)  in which it executes the 
first control signal of the sequence calculated at each step [151, 162]. An example of the 
implemented MPC strategy is illustrated in Figure 6.8 where a thermal generator is brought 
online due to an expected reduction in wind speed and thus wind power. 
 
 
Figure 6.8. Example of the simplified Model Predictive Control strategy 
The developed algorithm applies a MPC strategy in 30-minute intervals with a 4-hour time 
horizon (TH) in order to calculate the optimal current network management. Only the optimal 
values for the decision variables calculated for the first period of time is made effective. Figure 
6.9 presents an example of the timing of the performance of the short-term dispatch and 
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operation, illustrating its time step and time horizon. Additionally, Figure 6.9 provides a 
comparison of the time aspects between the short-term dispatch and the generation system 
control. Between the periods of time in which the MPC algorithm is applied, decision variables 
are defined by subsequent optimisation stage.  
In the developed method, it is assumed the use of a simplified model to predict measures 
such as electric demand and wind speed. This is performed by implementing wind speed 
forecasts considering its persistent behaviour. In the case of electric demand and PV 
generation, this is implemented considering linear variations of these electrical measurements 
between hourly forecasted values.  The implementation of this open-loop optimal control 
improves the islanded system operation based on the mathematical formulation presented in 
Section 6.3.3. The developed MPC strategy exploits the near-real time knowledge of the 
operation of the islanded system to achieve an improved decision of the moment to start or 
shutdown a thermal generator. The higher time discretisation of the different control 
measures, including actual renewable power and load realisations, enables an adequate 
management of their variability and an adequate definition of the optimal thermal generators’ 
commitment. Moreover, the algorithm allows a more accurate charging and discharging 
scheduling of the BESS while minimising the level of renewables curtailment. 
 
 
Figure 6.9. Detail of the time aspects of the short-term dispatch and operation and the generation 
system control 
The resulting short-term dispatch is validated through power flows analysis. The objective 
is to ensure that the available generation capacity is capable of meeting electric demand 
including network losses (distributed proportionally among online thermal generators 
connected at the same busbar of the largest generator, according to their installed capacity). 
The algorithm incorporates the network model allowing the consideration of other existing 
voltage control resources such as On-Load Tap Changer (OLTC) transformers and shunt 
capacitors. Therefore, the need of compensating reactive power and performing voltage 
regulation (maintaining voltage within statutory limits of ±10% of nominal voltage, EN50160) is 
regarded. This is achieved through iterative power flows where the taps of OLTC transformers 
(e.g. 10 taps: ±0.0125 p.u. steps) and capacitors are changed according to the voltage value at 
the secondary busbar of OLTC transformers and at the point of connection of capacitors. The 
BESS is the lowest priority asset used for voltage control, i.e., the BESS is only utilised for 
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voltage control in case the other voltage control resources are not capable of maintaining 
operational limits. Moreover, power flow results reflect the operational performance of the 
different network components (e.g. thermal generators, BESS) according to their location. This 
analysis enables the assessment of the impact of the battery solution on mainly technical (i.e., 
difficult to monetize) aspects of the network operation including, for instance, reactive 
compensation, network losses and the number of OLTC transformers tap changes. 
6.3.4.3. Generation system control 
The third optimisation stage, step ‹1.3› in Figure 6.6, performs adjustments of the decision 
variables to cope with fast fluctuations of renewable power and/or electric demand. The 
adjustments of the decision variables performed in this optimisation stage are based on a rule 
based method. An explanatory flowchart of this rule based process is presented in Figure 6.10.  
 
 
Figure 6.10. Flowchart of the generation system control rule base process 
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The generation system control is based on the operating decisions of the previous 
optimisation stages, on the measurements of current electrical quantities of the islanded 
system (e.g. electric demand, renewable power) and on the current operational limits (e.g. 
maximum available power from thermal generators, maximum reduction of power from the 
thermal generators). The decisions of the previous algorithmic steps contribute to the 
definition of the currently available thermal generators and the priority order of their starting 
and shutdown, the determination of the minimum renewable curtailment level and the 
calculation of the optimal charging/discharging profile for the BESS. The rationale of 
considering the optimised profiles of the different decision variables as the starting point of 
this optimisation stage is twofold. First, the fact that these profiles are calculated considering 
the detailed model of the distribution network of the islanded system and its generation 
system, being the solution to the operation problem based on an accurate optimisation method. 
Second, the fact that the calculated profiles of the decision variables are defined with a higher 
knowledge of the current and possible future behaviour of the islanded system, as a certain 
time horizon with forecasted values for the possible realisations of renewable sources are 
considered.  
Therefore, based on these decisions, the generation system control algorithm adjusts 
control variables such as the thermal generators’ output and the BESS charging or discharging 
to 1-minute renewable power and electric demand fluctuations in order to maintain the 
constraint of the islanded system balancing, in (Eq. 6.28). These adjustments are performed 
regarding the thermal generators limits in (Eq. 6.6)-(Eq. 6.12) including ramp response limits 
and their starting curves as established in (Eq. 6.27). This control stage also utilises the 
available storage resource constrained by (Eq. 6.16)-(Eq. 6.19) to improve the flexibility and 
efficiency of operation. This means that the BESS schedule resulting from the previous 
optimisation stages may be adjusted, as shown in Figure 6.10, to ensure that the thermal 
generators operate with the defined security margin (e.g. 10% of their rated capacity). Also, it 
may be adjusted to respond to the intermittency of wind supporting the limited ramp response 
of the thermal generators, and to minimise renewables curtailment by maintaining the thermal 
generators operating above their technical minimum. The option for starting of a thermal 
generator is included in this stage of the operational algorithm. This is performed to ensure 
that the operational constraints are maintained during all periods despite the possible fast 
fluctuations of renewable sources and load that can occur. The previous optimisation stage 
(the short-term dispatch and operation) ensures that the available spinning reserve is sufficient 
to cope with the magnitude and speed of availability requirements, as formulated in (Eq. 6.21)-
(Eq. 6.26).   
The reasons behind this stage of the operational algorithm are twofold. First, the validation 
of the algorithm developments presented in Figure 6.6 is achieved as the available islanded 
system operational resources (e.g. thermal generators, BESS) reflect the results of the previous 
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optimisation stages. For instance, the islanded system including the BESS is only capable of 
addressing the variability of renewable generation if an adequate reserve management is 
established. Second, the higher time resolution of the operation enables a robust assessment 
of the technical and economic operational performance of the islanded system including the 
quantification of the impact of sub-hourly processes such as the starting and shutting down of 
the thermal generators and their ramp response. Additionally, a detailed quantification of the 
BESS cycle life and operational impacts is achieved including its role in avoiding renewables 
curtailment. 
6.4. Final remarks 
In this chapter, the problem of integrating battery storage in the operation of islanded 
power systems is addressed. First, the main operational challenges of these kind of electric 
grids are identified, particularly in what concerns their generation systems and their limitations 
in accommodating renewable sources (in Section 6.2.1). State-of-the-art methodological 
approaches to the operation problem of BESSs in islanded systems are discussed, being current 
research challenges identified (in Section 6.3.2). Last, the developed operational algorithm is 
detailed, with the purpose of tackling the key research needs within this problematic (in 
Section 6.3.3 and Section  6.3.4). 
 Renewable sources have been highly procured in islanded power systems as wind and solar 
power, for example, have the potential to reduce the typically high generation costs of small-
scale thermal generators as well as their carbon print. However, particular characteristics of 
island electric grids hurdle the integration of renewable sources. On one hand, operational 
constraints of the thermal generators (e.g. technical minimum operating point) lead to 
inefficiencies in the accommodation of renewable sources, being the predominant 
inefficiencies caused by the need for curtailing renewable power at and during different 
periods of the day, according to the electric demand and the availability of the renewables 
resources. On the other hand, such operational constraints limit the further integration of these 
sources as the marginal benefits of their additional integration tend to diminish.  
 Several methodological approaches have been proposed for the integration of BESSs in the 
operation of islanded systems in order to take advantage of the flexibility of such resources to 
accommodate renewable sources in an economic efficient way, leveraging the potential value 
of renewable energy. However, a robust assessment needs to regard a detailed modelling of 
the operational stage, including not only the active elements of the control of the grid but, 
also, the representation of the distribution network. Additionally, the increased operational 
uncertainty brought by the integration of volatile renewable sources needs to be considered in 
the operation problem. Furthermore, the optimisation method applied to solve this problem 
typically presents a trade-off with the approach on the quantification of the impacts of the 
BESS. In fact, several works developed rule based methods to address the operation problem 
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of islanded systems including BESS in order to include a more detailed modelling and an 
extended time series of data for the quantification of the benefits of BESSs. Nonetheless, the 
level of detail of the model of the distribution network as well as the typical hourly time 
resolutions of these approaches have limited the representation of the impacts of renewable 
sources and BESSs both at a network level and at a system level.  
The developed operational methodology consists of an optimisation method based on MILP 
that is used at different stages of the optimisation process in rolling time-windows. The 
presented multi-stage operational algorithm is developed to allow and efficient and flexible 
operation of the islanded system including the BESS, considering the technical constraints of 
thermal generators and the characteristics of renewable generation, particularly wind power. 
Moreover, the multi-stage algorithm that consists of rolling window optimisations enables 
leveraging the more detailed knowledge of the behaviour of the islanded system closer to the 
time of delivery. In fact, wind speed based criteria to define spinning reserve requirements of 
the islanded system are modelled to take advantage of the typical wind power curve of wind 
turbines and, thus, potentiate the integration of wind energy. Furthermore, the developed 
model of the operational stage, including the different islanded system elements including the 
generation system, the distribution network, the renewable sources as well as the BESS enable 
a robust quantification of their technical and economic benefits. This is achieved by 
systematically comparing the islanded system operational performance with and without the 
deployment of the BESS based on a similar representation of the islanded system.  
 
 
  
 
Chapter 7  
Case study on the integration of BESS in 
an island electric grid 
7.1. Overview 
The developed multi-stage operational method detailed in Chapter 6 together with the 
planning framework presented in Chapter 3 provide a holistic approach to the integration of 
BESSs in the planning and the operation of islanded power systems in the presence of high 
shares of renewable sources. On one hand, the adequate management of the islanded system 
resources (e.g. renewable resources, the conventional generation system), including the 
optimal operation of the battery system has the potential for reducing fossil fuels dependency 
of the islanded system and of adequately accommodating renewable generation, thus reducing 
the carbon print of the islanded system. On the other hand, the cost-effectiveness of this 
operational management of the island electric grid is supported by the BESS based on the most 
suitable battery technology, optimally sized and optimally placed within the distribution 
network.    
The purpose of this chapter is to validate the proposed methodological developments for 
the integration of BESSs in islanded power systems, both at the planning level and at the 
operational level. Therefore, the developed methodology is assessed and validated on a case 
study of a real electric grid of a Portuguese island in the Azores archipelago. This case study 
concerns the integration of a BESS in the island electric grid with a significant share of wind 
generation, considering a planning horizon of 15 years, with the objective of minimising 
operational costs, i.e., fossil fuels derivatives consumption (e.g. gasoil, fueloil and lubricants). 
The study is performed in the perspective of the islanded system operator, i.e., considering 
the typically vertically integrated structure of these systems. The assessment of the case study 
enables the quantification of the potential technical and economic impacts of the BESS during 
the planning horizon. The case study is described in detail in Section 7.2. 
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Beyond the validation of the developed planning and operation tools, the case study is 
explored to identify and evaluate key integration factors for BESSs in islanded systems. The 
objectives of this approach are twofold. First, the robustness of the results of the case study 
can be assessed through the sensitivity analysis of these key technological, technical and 
economic parameters. Second, the results and assessment of such integration factors make 
evident the relevance of several of the proposed methodological developments at the planning 
and the operational stages. For example, assessing the influence that considering the evolution 
of the islanded system during the planning horizon presents in the definition of the optimal 
BESS solution and on the operational performance of the islanded system. Moreover, this 
approach can contribute, for instance, to identify the technical and economic impacts of the 
reserve requirements during the operation of the islanded system with and without BESS. 
Therefore, the optimal battery storage solution is discussed in Section 7.3, particularly 
regarding the optimal solution search process and macro impacts of the optimal BESS during 
the planning horizon. Namely, these aspects focus in the reduction of the OPEX of the islanded 
system and in the integration of renewable sources. Then, in Section 7.4, the operational stage 
of the problem of the integration of the BESS is regarded through the assessment of the impacts 
of the BESS in the operation of the islanded system in what concerns the conventional 
generation management and the accommodation of renewable sources. The relevance of the 
multi-stage approach to the operation problem is depicted, in Section 7.5, through the 
comparison of technical and economic results of the different algorithmic stages considered, 
consequentially closer to time of delivery. Furthermore, the robustness of the achieved results 
to the variation of key technical and economic characteristics of the case study including BESSs 
(in Section 7.6.1) and to different levels of wind integration (in Section 7.6.2) is assessed 
through a sensitivity analysis.  
7.2. Description of the case study 
In this section, the case study for the validation of the developed holistic approach to the 
integration of battery storage in islanded power systems is described in detail. This case study 
concerns the generation system and distribution network of the Terceira island, Azores, 
Portugal. In [157] a detailed characterization of the islanded system is provided. Real 
generation and electric demand data is utilised in the performed technical and economic 
assessment5.  
The description of the case study includes the characterization of the MV distribution 
network (in Section 7.2.1.), including the generation system connected to the grid (in Section 
7.2.2.1.). In addition, the expansion planning of the generation system is detailed (in Section 
7.2.2.2.). Furthermore, the time series of data utilised for the representation of the behaviour 
                                                 
5 The author wish to demonstrate his gratitude to Electricidade dos Açores, S.A. for the data and support provided.  
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of the existing active management elements of the islanded system and utilised for the 
simulation of the operation of the system are described (in Section 7.2.3.). The battery 
technological solutions considered in the case study are also characterized, including their 
potential locations within the distribution network, being the economic parameters of the cost 
benefit analysis presented (in Section 7.2.4.). 
7.2.1. Characterization of the distribution network 
The MV distribution network of the islanded system is presented in Figure 7.1. Both the 30-
kV voltage level and the 15-kV voltage level of the distribution network are represented. The 
OLTC transformers of the 30 kV / 15 kV substations as well as the capacitor banks at the 15 kV 
level are modelled in order to include the existing voltage control and reactive compensation 
resources. The 15-kV distribution networks are modelled through time-varying loads. Both the 
conventional generation system and the renewable generation system are connected at the 30-
kV distribution network level.  
 
 
Figure 7.1. Medium Voltage distribution network of the islanded power system 
7.2.2. The generation system of the islanded power system 
The generation system of the island is based on thermal generators and two wind parks. Six 
thermal groups, totalling 73.4 MVA of installed capacity (equivalent to around 204% of peak 
Case study on the integration of BESS in an island electric grid  
208 
demand) constitute the conventional generation system of the islanded system. Regarding wind 
generation, the installed capacity of both wind parks (12.6 MW) correspond to a penetration 
level of around 35% of peak demand. Although connected at the same busbar (and being located 
geographically close to each other), two wind parks exist and are considered as different 
renewable generating units as the 9-MW wind park is owned by the islanded system operator 
and the 3.6 MW wind park is owned by a renewable promoter. However, the operation of both 
wind parks, particularly in what concerns their power curtailment, is managed by the islanded 
system operator. In virtue of being more recently integrated in the islanded system, the wind 
park belonging to the renewable promoter, i.e., the 3.6 MW wind park is the first renewable 
source to be curtailed, if necessary. 
7.2.2.1. Characterization of the conventional generation 
The conventional generation system of the island electric grid consists of two types of 
thermal groups, one constituted by four smaller generating units (6.1 MVA each thermal group) 
and the other constituted by two larger generating units (12.3 MVA each thermal group). The 
key characteristics of the existing thermal generators (Groups V-X) are presented in Table 7.1. 
 
Table 7.1. Characteristics of the generation system of the island power system 
Thermal generators Groups V-VIII Groups IX-X 
Installed capacity (kVA) 6 100 12 300 
Continuous power (kW) 5 700 11 500 
Technical minimum (kW) 3 050 6 150 
Starting Fuel Gasoil Gasoil 
Start time (minutes) 25 30 
Starting cost (€/start) 105 400 
Operating Fuel Fueloil Fueloil 
Fueloil Consumption 
at Operating Point 
(kg/kWh) 
50% 0.2312 0.1988 
75% 0.2201 0.1897 
100% 0.1988 0.1866 
Ramp limits (kW/min) 2 500 3 500 
Minimum Operating time (minutes) 120 120 
 
The starting curves of the thermal generators are derived, proportionally, from the example 
starting curve presented in Figure 6.2. Thermal generators consume different types of 
petroleum derivatives during operation e.g. fueloil, gasoil and lubricant. While fueloil and 
gasoil consumption result from the generation process (gasoil during the starting process, and 
fueloil after the starting process), lubricant consumption is related with the time thermal 
generators are online as its purpose is to reduce the wear of several of their components during 
operation. Therefore, it is assumed that lubricant consumption is proportionally related with 
the number of operating hours of the thermal generators, being 9 kg per operating hour. The 
cost of these fuels and the lubricant as well as their CO2 emissions factors are presented in 
Table 7.2. The emissions factors enable the translation of the reduction of fuel consumption 
provided by the BESS into the reduction of the carbon print of the islanded system. Fuel cost 
growth is considered to be 2% per year.  
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Table 7.2. Cost and CO2 emissions factor for the consumed petroleum derivatives 
Petroleum derivative 
Cost 
(€/kg) 
CO2 emissions factor 
(kg CO2 /kg) 
Fueloil 0.60 2.36 
Gasoil 0.75 3.32 
Lubricant 1.30 - 
7.2.2.2. Expansion planning of the islanded system 
The generation system of the islanded power system is expected to be expanded during the 
15-year planning horizon. The assumed expansion planning of the islanded system includes the 
connection of a waste plant of 2.2 MW of installed capacity to node N6 in the beginning of year 
2 of the planning horizon. Furthermore, a 3-MW geothermal plant is considered to be 
commissioned in the beginning of year 3 of the planning horizon and expanded to 6 MW in year 
6, being connected to the 30-kV network at node N9. Figure 7.2 illustrates the evolution of the 
islanded system including the described expansion planning. It is assumed that both the waste 
plant production and the geothermal plant production are constant with capacity factors of, 
respectively, 75% and 80%. 
 
 
Figure 7.2. Expansion planning of the islanded power system during the planning horizon 
7.2.3. Simulation of the islanded system operation 
The implementation of the developed methodologies in this case study requires the analysis 
of a 15-year planning period of the islanded system where the operational stage of the 
integration problem is modelled consisting of a multi-stage operational approach. The 
operation tool encompasses optimisation stages with different horizons, with different time-
steps and that are based in actual realisations or in forecasts for different electrical quantities 
of the distribution network. These different operational stages, from the day-ahead planning 
of operation to the generation system control, require, therefore, the implementation of the 
techniques described in Section 3.4.6. These techniques consist of the semi-Markov method 
and the Exponential Weighted Moving Average (EWMA) Method that enable the simulation of 
the islanded system operation during the 15-year planning horizon considering actual and 
forecasted realisations of the different electric quantities of the system (e.g. wind generation 
and electric demand). The simulation of the behaviour of the islanded system is based on the 
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adequate modelling of renewable generation, in this case wind generation, and of the electric 
demand.  
In this case study, 10-minute wind speed and power time series from the Terceira island 
during 3 years are used as inputs for the developed planning and operation methodology. Wind 
power and speed data refer to 3 years of measurements in the Portuguese island in study. The 
same wind speed time series is assumed for both the existing wind parks due to their 
geographical proximity. The day-ahead planning of operation optimisation stage is performed 
at the twentieth hour of the day before the actual power delivery (see Section 6.3.4.1.). This 
means that the forecast horizon concerns the periods from the hour 5 and the hour 28 of the 
forecast. Therefore, for wind power and wind speed, the forecast error is assumed to 
proportionally increase between 5% and 20% during this forecast horizon [89, 133]. 
Historical electric demand, discretised in 30-minute time steps, is utilised in the modelling 
of the case study. The active power demand profile consists of a 2-year time series, referring 
to the demand in the Portuguese island in 2012 and 2013. In 2013, electric demand was nearly 
16 MW during off-peak hours and 35 MW during peak hours. Total islanded system consumption 
was approximately 210 GWh. Load forecast errors are considered to vary linearly between 5% 
and 15% for the day-ahead planning of operation horizon. Load growth is considered to be 2% 
per year. 
Although in the day-ahead planning of operation optimisation stage the electric demand of 
the islanded system is modelled as the aggregated load of the system (i.e., there is not a 
detailed model of the distribution network), in the short-term dispatch and operation 
optimisation stage, the operational validation (see Section 6.3.4.2.) requires the allocation of 
active and reactive power to the different loads of the distribution network (representing the 
15-kV distribution networks). Therefore, active power demand in the different 15-kV nodes 
(N4, N6, N8, N10 and N11 in Figure 7.1) is allocated considering historical values per electrical 
season (winter, spring, summer, and autumn) of the fraction of the total islanded system load 
that is consumed at these different nodes of the distribution network. In this load allocation 
process, 3% of the total system load is reduced in order to take into consideration the losses of 
the islanded system. This value reflects the yearly average losses in the 30-kV distribution 
network. A similar approach is followed for the allocation of reactive power demand at each 
load node. Different power factors are defined for each load busbar according to the electrical 
season and the period of the day (peak hours, valley hours) based on historical values of these 
power factors. Table 7.3 presents these historical values of the power factors for the different 
electric loads in 2013. Between the valley periods (00:00 – 07:00) and the peak hours (19:00 - 
23:59) the power factor at each load busbar is assumed to vary linearly between the presented 
power factor values for valley hours and for peak hours.  
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Table 7.3. Power factors of the different electric loads according to the season and period of the day 
Load 
busbar 
Power factor 
Winter Spring Summer Autumn 
Peak Valley Peak Valley Peak Valley Peak Valley 
N4 0.941 0.903 0.930 0.917 0.918 0.901 0.927 0.909 
N6 0.936 0.851 0.925 0.911 0.917 0.894 0.914 0.904 
N8 0.904 0.837 0.867 0.691 0.858 0.866 0.889 0.832 
N10 0.967 0.927 0.956 0.930 0.940 0.930 0.960 0.944 
N11 0.938 0.854 0.924 0.841 0.931 0.837 0.911 0.859 
7.2.4. Description of the battery storage solutions 
Several battery technologies with different characteristics of modularity, cycle life and 
costs are considered in this case study. The key parameters of these technological solutions 
are presented in Table 7.4. The possible locations for the BESS is limited to node N1 and node 
N2 as shown in Figure 7.1. The rationale of this preselection of possible locations for the BESS 
is the physical feasibility of the deployment of a battery solution and the knowledge of the 
operational objectives of the BESS. The BESS addresses challenges at the generation level, 
namely the integration of renewable sources and the provision of spinning reserve. Therefore, 
the battery system needs to be located at the 30-kV distribution network and electrically close 
to the problems being addressed, i.e., at node N1 where thermal generators are connected or 
at node N2 where the renewable sources are connected. In spite of this reduction of the search 
space for the optimal solution, this limited number of sites for the BESS enables the validation 
of the planning tool in what concerns the selection of the most suitable location for the BESS. 
 
Table 7.4. Characteristics of the BESSs technological solutions considered in the case study 
Technology  
(solution) 
Li-ion 
(s1) 
Li-ion 
(s2) 
Li-ion 
(s3) 
Lead-acid 
(s4) 
NaS 
(s5) 
Modularity 
Charge  
(kW) 
250 500 1 500 200 100 
Discharge 
(kW) 
750 1 000 1 500 300 100 
Storage 
capacity 
(kWh) 
500 500 500 600 750 
Useful SoC 90% 80% 80% 80% 80% 
Cycle life 
(number @ 
%DoD) 
100% DoD 3 500 2 000 2 000 1 000 2 500 
75% DoD 4 500 3 500 4 000 3 000 4 500 
50% DoD 9 000 7 000 8 000 6 000 10 000 
25% DoD 30 000 25 000 20 000 12 000 20 000 
10% DoD 100 000 80 000 60 000 20 000 50 000 
Storage capacity decay 25% 40% 30% 30% 20% 
Calendar life 15 yrs 10 yrs 10 yrs 10 yrs 15 yrs 
Round-trip efficiency 90% 85% 90% 80% 80% 
Investment cost (€/kWh) 2 000 1 750 2 250 750 600 
Maintenance costs  
(% of CAPEX/year) 
3.5% 2% 2% 2% 2% 
Battery device cost 
(€/kWh) 
1 000 800 1 000 500 400 
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In the economic assessment of the BESSs, the financial indices of the real discount rate and 
the inflation rate are assumed to be 8% and 2%, respectively. The EoL of the battery systems is 
considered to be reached when their storage capacity is equal to 80% of their initial capacity. 
7.3. The optimal battery storage solution: results and discussion 
While the costs of the integration of BESSs are straightforwardly quantified (as detailed in 
Section 3.4.5), the economic benefits are case dependent. Therefore, in this case study, the 
Cost-Benefits Analysis (CBA) needed for the definition of the optimal battery storage solution 
considers that the revenues of each BESS are calculated in a logic of avoided costs. This means 
that the revenue of the integration of the BESS results from the reduction of OPEX in terms of 
fuel (gasoil and fueloil) and lubricants consumption that the BESS can provide (compared to 
the same operating conditions without the existence of the BESS).  
7.3.1. Sizing, location and technology selection of the BESS 
The implementation of the developed methodology for the integration of BESSs in islanded 
power systems revealed that the optimal BESS solution, in this case study (considering the 
description performed in Section 7.2.), is a Li-ion battery (solution s2 in Table 7.4) with 1000 
kWh, 1000 kW of charging power, and 2000 kW of discharging power limits, being placed at 
node N2. The main technical and economic parameters of the deployment of this BESS solution 
are summarized in Table 7.5.  
 
Table 7.5. Technical and economic summary of the optimal BESS solution 
Technology 
(solution) 
Li-ion 
(s2) 
Power limits 
Charging 1 000 kW 
Discharging 2 000 kW 
Storage Capacity 1 000 kWh 
Location node node N2 
Investment cost 1 750 k€ 
Maintenance 36 k€/year 
Average OPEX reduction 398 000 €/year 
Net Present Value 1 436 k€ 
Internal Rate of Return 21% 
Pay-back time 6 years 
Battery device replacement Year 10 
 
The optimal BESS solution for the addressed problem (and considering the described base 
values for different technical and economic parameters) results from the optimal size, 
technology and location search process. Figure 7.3 shows the optimal solution search for BESSs 
deployed at node N2, comparing the NPV of installing different battery systems in technology 
and size. These results do not encompass the possibility of installing the BESS at node N1 (see 
Figure 7.1). Several of the assessed battery solutions (25 solutions are shown in Figure 7.3) 
present sufficient revenues (i.e., OPEX reduction) during the 15-year planning horizon to 
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surpass their life-cycle costs (i.e., revealed by the NPV value greater than zero), particularly 
Li-ion based and Lead-acid based batteries. Rather than highlighting one battery technology 
over another, the results reflect the relevance of different technical and economic parameters 
of the different considered battery solutions. Mainly, the economic output of the presented 
battery solutions is a product of two aspects, one technical and one economic: the power versus 
energy ratio (i.e., C rating) of the battery system as well as its capital investment.  
 
 
Figure 7.3. Optimal size and technology search for BESSs installed at node N2 
The evolution of the NPV of the battery solutions presents two distinct behaviours for 
battery solutions with larger C ratings and larger investment costs, and for battery solutions 
with smaller C ratings and lower investment costs. For the battery solutions belonging to the 
former group (i.e., Li-ion batteries, solutions s1-s3), the NPV increases from one to two battery 
modules, albeit from two battery modules the NPV tend to diminish with the increase of the 
size of the BESS. For the latter group of battery solutions (i.e., Lead-acid and NaS batteries, 
solutions s4 and s5), the systematic decrease of the NPV is more noticeable for a larger number 
of battery modules (e.g. four modules for Lead-acid batteries), while there is not an 
identifiable behavioural pattern for the NPV for smaller number of battery modules. 
Nevertheless, for NaS batteries results show negative NPV for any assessed solution in virtue of 
their low power to energy ratio. Furthermore, the NPV of investing in Li-ion based battery 
solutions present a larger magnitude than the NPV of Lead-acid batteries for a smaller number 
of modules, being the difference lower or even reversed for a greater number of modules.  
The aforementioned results reveal that BESSs with a larger discharge power to energy ratio 
(e.g. Li-ion batteries) allow a higher economic output. However, the extent to which this is 
verified significantly depends of the difference between investment costs. The NPV value 
reflects the OPEX reduction provided by each battery solution. Figure 7.4 presents the OPEX 
reduction per unit of storage capacity for the different assessed battery technologies and sizes. 
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It is perceptible that the economic benefits per kWh of storage capacity are significantly larger 
for the Li-ion based battery solutions (higher power to energy ratio) than the other assessed 
technologies, although the difference between the provided OPEX reduction per storage 
capacity decreases with the increase in the number of battery modules. For lead-acid based 
and NaS based battery solutions, the achieved OPEX reduction per kWh of storage capacity 
present a more constant profile with the increase in the size of the BESS. Therefore, with the 
significantly lower investment cost of lead-acid batteries, with the increase in the number of 
modules, the economic efficiency of lead-acid batteries surpasses the economic efficiency of 
Li-ion batteries. This means that from four battery modules, the difference between 
investment costs predominates over the economic benefits when comparing Li-ion based and 
lead-acid based batteries. Nonetheless, NaS batteries which present the lowest power to 
energy ratio also present the lowest OPEX reduction per storage capacity.  
 
 
Figure 7.4. Evolution of the OPEX reduction per kWh of storage capacity (per battery technology) 
The economic revenues reflect most of the technical benefits, particularly the integration 
of wind energy (as it partially replaces the use of thermal generators). Figure 7.5 presents the 
additional wind energy that the battery solutions allow to be further accommodated in the 
islanded system in the first year of the planning period. It is demonstrated that BESSs with a 
larger C rating allow higher levels of wind generation per storage capacity unit than BESSs with 
longer discharge durations (expected results taking into consideration the provided OPEX 
reduction, in Figure 7.4). Nonetheless, the rate at which additional wind energy that can be 
accommodated varies significantly with the C rating of the BESS. The rate of increase of 
additional wind energy integrated, while being larger for C ratings between 0.3C and 1.5C, is 
lower for small C ratings (e.g. C rating lower than 0.3C) and for high C ratings (e.g. higher than 
1.5C). Moreover, for larger C ratings, increasing the size of the BESS results in a lower value of 
kWh-year of additionally integrated wind energy per kWh of storage capacity. This means that 
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the marginal benefit of integrating a battery system in terms of wind accommodation, i.e., the 
added value that this resource of flexibility provides to the islanded system operation is 
significant, albeit it decreases with the augment of the energy capacity of the BESS. The 
exception is Li-ion battery solution (s1) that presents a higher marginal benefit of increasing 
the size of the battery system from one module (500 kWh, 250 kW - charging, 750 kW – 
discharging) to two modules (1000 kWh, 500 kW - charging, 1500 kW – discharging). This occurs 
in virtue of the lower charge power limit of this battery solution that is smaller than its 
discharge power limit, on the contrary of the other Li-ion based battery systems. This means 
that the marginal benefit (in terms of wind accommodation) of additional charge power 
increases with the charge power to energy ratio. 
 
 
Figure 7.5. Increase in the wind integration according to the power versus energy ratio of the BESS  
Additionally, the results reveal that the currently high investment costs of battery solutions 
also predominate over technical and technological characteristics in what concerns larger 
power to energy ratio batteries (i.e., Li-ion batteries). The selected optimal BESS solution 
presents lower efficiency, shorter calendar and cycle life, and higher energy capacity decay 
than other assessed Li-ion batteries. However, the economic benefits that translate from 
enhanced technical and technological characteristics are not sufficient to surpass the 
additional investment and maintenance costs presented by these battery solutions. For 
example, the Li-ion technological family with the higher C rating presents the largest economic 
benefits per energy unit of storage capacity. However, their 33% of additional investment cost 
per kWh of storage capacity (compared to the technological group of the optimal solution, i.e., 
s2 – Li-ion) is more determinant in the cost-benefit analysis than their larger economic 
revenues.  
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7.3.2. Performance analysis of the optimal battery solution 
The optimal BESS solution (described in Table 7.5), in spite of its relative small size 
compared to other assets (e.g. thermal generators and wind parks) and quantities of the 
islanded system (e.g. discharging power for 5.7% of peak load in year 1 of the planning period), 
presents significant technical and economic impacts in the operation of the island electric grid. 
Table 7.6 presents a quantitative assessment of the performance of the optimal BESS during 
the first year of the planning horizon.  
 
Table 7.6. Performance analysis of the optimal BESS solution 
Parameter Without BESS With optimal BESS 
Potential Wind production (MWh/year) 58 272 58 272 
Wind production (MWh/year) 46 940 49 299 
Curtailed wind energy (MWh/year) 11 332 8 973 
Wind curtail reduction (MWh/year) - 2 359 
Thermal generators operating hours (hr/year) 26 884 25 178 
Thermal generators average operating point  
(% installed capacity) 
64.6% 66.9% 
Number of starts 1 290 1 215 
Fuel oil consumption 
Kg/year 31 275 396 30 534 691 
€/year 18 765 238 18 320 815 
Gasoil consumption 
Kg/year 212 460 221 233 
€/year 159 345 165 925 
Lubricants 
Kg/year 241 956 226 602 
€/year 314 542 294 583 
Operational Expenditure 
Total €/year 19 239 125 18 781 323 
Reduction €/year - 457 802 
Reduction %/year - 2.38% 
 
Comparing the performance of the islanded power system with and without the optimal 
BESS, it is noticeable that the main benefit of the integration of the BESS is the significant 
reduction of wind energy curtailment (20.8% reduction of the wind curtailment) that, 
consequently, leads to the reduction of the operational costs with petroleum derivatives 
consumption. This is achieved by allowing the islanded system to operate with less thermal 
generators online during more time, reflected by the lower number of operating hours of the 
thermal generators. The lower number of thermal generators together with their reduced 
number of starts allow their operation at higher operating points on average and, thus, allow 
thermal generators to present lower specific consumptions. Nonetheless, the increase in the 
average operating point of the thermal generators is smoothed by the fact that, for the same 
electric demand, the extra thermal generator production (that occurs if the BESS is not 
deployed) is mostly replaced by additional wind generation and/or the discharging of the BESS.     
The BESS not only presents impacts at the generation system level but, moreover, presents 
impacts at the distribution network operation level. In fact, the consideration of the 
distribution network and the impacts of the BESS at the distribution network level define the 
optimal BESS solution in terms of location. If the assessment is limited to the generation system 
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level the optimal BESS solution would be independent of the location. Nonetheless, the 
difference in the economic performance is reduced, and does not influence the optimal size 
and most suitable technology of the BESS. For example, the optimal BESS solution at node N1 
is a Li-ion battery of equal characteristics in terms of size and technology than the global 
optimal BESS solution, being the difference in the economic outcome smaller than 2%. The 
optimal solution at node N1 provides an average OPEX reduction of 391 632 €/year. Mainly, this 
difference results from the fact that, when located at node N2, the BESS allows the operation 
of the thermal generators, on average, at a higher operating point (66.9% opposed to 65.8% 
when the BESS is located at node N1). Table 7.7 presents the most relevant technical impacts 
of the optimal BESS solution at node N1 and at node N2 (the global optimal solution) at the 
distribution network level.  
 
Table 7.7. Technical impacts of optimally BESSs solutions at different locations at the distribution 
network level  
Parameter Without BESS 
With optimal BESS  
at node N1 
With optimal BESS  
at node N2 
Grid active losses 
(MWh/year) 
7 010.2 6 995.3 6 985.1 
BESS active losses 
(MWh/year) 
- 33.5 33.5 
Total active losses 
(MWh/year) 
7 010.2 7 028.8 7 018.6 
Maximum busbar 
voltage (p.u. @ node) 
1.061 @ N2 1.064 @ N2 1.068 @ N2 
Minimum busbar  
voltage (p.u. @node) 
0.952 @ N8 0.963 @ N8 0.963 @ N8 
Maximum reactive 
power exchange (kVA) 
- 1 276 786 
Tap changes per  
30 kV/15 kV substation 
(nr./year) 
1 724 1 493 1 444 
 
The deployment of the BESS at node N1 or at node N2 reduces active power network losses. 
This occurs as the BESS enables the utilisation of more wind generation (at node N2) electrically 
closer to high demand areas (at node N4 and node N6). Nonetheless, active losses that result 
from charging and discharging the battery system result in an augment of the average total 
islanded system active losses (a larger increase of active losses is verified when the BESS is 
connected at node N1). Moreover, higher generation at node N2, particularly during periods of 
lower electric demand, increases the maximum grid voltage that occurs in node N2. The need 
for reactive power from the BESS is limited as the BESS is operated as a last resource for voltage 
control and reactive compensation. In this case study, the BESS injects reactive power to 
compensate the lack of capacity from the thermal generators to fulfil reactive power 
requirements. This occurs in virtue of the operation of the islanded system with less thermal 
generators during longer periods, which lead to the need of other sources of reactive 
compensation. Despite not being considered as a resource exclusively focused on voltage 
control, the existence of the BESS (after optimisation) reduces the operational stress of other 
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voltage control resources. In fact, a 13.4% and a 16.2% reduction in the number of OLTC 
transformers tap changes is achieved by adequately integrating the optimal BESS at node N1 or 
at node N2, respectively. 
The technical and economic performance of the islanded system with the optimal BESS (at 
node N2) reflect the availability as well as the usage of the energy storage resource. 
Additionally, the performance through time of the BESS is also influenced by the charging and 
discharging of the battery system. Therefore, it is relevant to understand the operational effort 
in terms of cycles that such technical and economic performance of the islanded system imply 
to the BESS. Figure 7.6 illustrates the average number of cycles and the cumulative frequency 
of cycles performed by the BESS in function of the DoD of those cycles during a year of 
operation. During this period, the BESS performs on average 1033 partial cycles. The majority 
of the cycles are cycles with a small DoD, corresponding to cycles performed to address the 
intermittency of wind, complementing the ramp response of thermal generators, and cycles 
related with the support of the system during the starting of a thermal generator (further 
details are described in Section 7.4). The results show that the BESS is not often required to 
perform deep cycles, i.e., above 40% of DoD. This behaviour of the battery system does not 
imply that the storage capacity is not fully utilised. Instead, this means that it is economically 
more efficient to maintain the BESS during the majority of time with a certain discharging 
capacity. This is supported by the average SoC of the battery system of 39%. Moreover, this 
means that the degradation of the battery performance is more reduced over time in virtue of 
the shallower DoD of the cycles performed by the BESS (the battery device of the optimal 
solution is replaced at year 10 of the planning horizon). 
   
 
Figure 7.6. Histogram of the number and depth of discharge of the cycles performed by the BESS on 
average during a year 
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7.3.3. Impacts of the BESS during the planning horizon 
The impacts of the BESS during the 15-year planning horizon vary according to renewable 
generation (yearly variability), the evolution of the islanded system including additional 
generating units and load growth, as well as according to the degradation of the battery system. 
Figure 7.7 presents the evolution of the OPEX, including fuel oil, gasoil and lubricants 
consumption (in Figure 7.7(a)), as well as the wind curtailment (in Figure 7.7(b)) of the studied 
islanded system with and without the BESS during the planning period. A current prices logic is 
used for the analysis, i.e., the effect of inflation and the effect of the growth of petroleum 
derivatives prices are not included in order to highlight the effect of the evolution of the 
distribution network and degradation of the battery system.  
Figure 7.7(a) reveals the propensity of the OPEX to increase during the planning horizon, 
particularly from year 6, which is related to the growth in electricity demand, occurring both 
in the case with and the case without the BESS deployment. The additional load is fed by 
conventional generation, leading to the increase of the OPEX, and/or by wind energy, reducing 
wind curtailment (see Figure 7.7(b)). The integration of the BESS allows using the available 
wind power to feed a larger portion of the extra demand and, therefore, reducing the need to 
curtail wind power and offsetting the growth of the OPEX. The opposite trend is noticeable 
when additional renewable generation is connected to the island system, particularly between 
year 2 and year 5. The reduction in fuel costs that the battery system allows increases as 
additional non-flexible generators are connected to the islanded system. This is of particular 
notice when the geothermal plant is upgraded in year 6. In this year, the battery system 
provides a reduction of the OPEX of the islanded system of 598.6 k€, i.e., a reduction of 3.6% 
of the OPEX compared to the scenario when the optimal battery solution is not deployed. This 
means that the addition of generators with limited controllability characteristics increases the 
marginal benefits of integration battery storage, i.e., the provision of flexibility by the BESS to 
the islanded system to adequately accommodate these renewable sources presents additional 
value, both technically and economically. 
The extent to which the battery system can contribute to the reduction of the OPEX is 
limited by its technological characteristics, namely its cycle and calendar life that result in 
storage capacity decay during its useful life. The cycle life of the BESS (presented in Figure 
7.6) leads to a more limited reduction of the OPEX, which is particularly perceptible between 
year 7 and year 10 of the planning horizon, due to the loss of storage capacity. For example, 
in year 10 the battery system is only capable of reducing the OPEX in 339.7 k€, which 
corresponds to 1.8% of OPEX reduction. The battery system reaches its end of life at the end 
of year 10, being the battery device fully replaced in the beginning of year 11. Consequently, 
the additional storage capacity leads to an increase of the OPEX reduction in the final five 
years of the planning horizon. The effect of the storage capacity decay over time is not more 
preponderant in virtue of the limited storage capacity decay that is allowed before being 
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replaced (maximum loss of 20% of the initial storage capacity). Also, this results from the 
greater dependency of the OPEX reduction of the charging and discharging power limits of the 
BESS than of its storage capacity (see Section 7.3.1). 
 
 
(a) 
 
 
(b) 
Figure 7.7. Comparison of: (a) the OPEX evolution and (b) the wind curtailment evolution with and 
without the deployment of the optimal BESS 
7.4. Comparison of the operational performance with and 
without BESS 
The technical and economic assessment from which the optimal size, location and battery 
technology of the BESS are derived results, mainly, from the performance of the battery system 
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during the operational stage of the problem of integrating the BESS in the islanded system. This 
section describes in detail the influence of the battery on the unit commitment and on the 
reserve management of the islanded system, as well as the impacts on the curtailment 
requirements of the existing variable renewable sources. 
7.4.1. Islanded system operation without the BESS 
Figure 7.8 presents the simulation of two days of operation of the islanded system without 
the deployment of the optimal BESS in what concerns the unit commitment and power output 
of the thermal generators. The two days shown in Figure 7.8 are two winter days in the first 
year of the planning horizon. Winter days are selected due to the fact that wind generation is 
higher during these periods of the year and, therefore, the impacts of the BESS in the operation 
of the islanded system are more relevant.  
 
 
Figure 7.8. Two-day simulation of the operation of the islanded system without the BESS 
The unit commitment of the thermal generators reveals that the larger thermal generating 
units (Group IX and Group X) are kept operating the majority of time while the smaller thermal 
generating units are brought online to cope with electric demand during non-valley periods. 
This results from the fact that thermal units are required not only to meet wind power and 
load fluctuations but, also, to cope with reserve requirements. However, thermal generators 
present a limited capability to accommodate wind power, particularly during periods of lower 
electric demand, due to their operational limits such as their technical minimum operating 
point. This means that the most adequate combination of thermal generators for the operation 
of the islanded system during valley periods with significant wind generation is the combination 
of the two thermal generators of the largest installed capacity. In spite of producing at their 
technical minimum operating point during valley periods, which implies a higher specific 
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consumption, this unit commitment results in the lowest wind curtailment during valley periods 
as a more adequate spinning reserve level is ensured.  
Figure 7.8 shows that thermal generators operate at or close to their technical minimum 
during significant portions of the time. This is a consequence of the objective of minimizing 
the curtailment of wind energy. With this purpose, the control of the curtailment levels of wind 
generation is performed so that the operational limits of the thermal generators are not 
violated and sufficient spinning reserve is present in the islanded system. This is illustrated in 
Figure 7.9 (complementary of Figure 7.8), where the potential and the actual generation of 
the existing wind parks is depicted. The potential wind park production is calculated according 
to the available wind speed. 
 
 
Figure 7.9. Comparison of the potential and actual wind generation without the BESS 
The curtailment of wind power output is actively managed in order to address security 
criteria, to maintain the technical limits of the thermal generators as well as to minimise the 
OPEX of the system. First, in virtue of the curtailment priority order, the 9-MW wind park 
production is only curtailed if the 3.6-MW wind park production is fully curtailed. This is 
particularly noticeable during valley periods, i.e., in the first 8 hours of each presented day. 
The thermal generators operating at their technical minimum during these periods reflect this 
curtailment management. Second, the fluctuations of wind generation thought time together 
with their impacts in reserve requirements (e.g. wind speed based spinning reserve criterion) 
often result in bringing online thermal generators in periods of non-increasing electric demand. 
For instance, a 6 MW increase followed by a 6 MW decrease in wind generation within a four-
hour period (between hour 11 and hour 15 of the first presented day) leads to the shutdown 
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and restart of Group VII, albeit the system’s load presenting more limited variations, of about 
3 MW (see Figure 7.8). However, the behaviour of the generation system is different when wind 
generation is closer to its installed capacity. For example, during the second presented day, 
from hour 8, the operation is based on five thermal generators, one additional when compared 
to the previous day. This operation strategy results from the need of ensuring sufficient 
spinning reserve which is required close to midday in virtue of a rapid 8 MW decrease in wind 
generation that the islanded system is capable of tackling. This means that the developed 
multi-stage operational tool defines the most cost-effective operation strategy for ensuring the 
technical limits of the generating units and for enabling the capability of the islanded system 
of addressing significant fluctuations of renewable generation.  
7.4.2. Islanded system operation including the BESS 
The deployment of the BESS allows a different unit commitment as shown in Figure 7.10.  
 
 
Figure 7.10. 2-day simulation of the operation of the islanded system with the BESS 
The same two days simulation, when compared to the results depicted in Figure 7.8, reveals 
that the BESS enables the operation of the islanded system with fewer thermal generators 
during longer periods of time, either by avoiding or postponing their starts, or anticipating their 
shutdowns. Consequently, the online thermal generators are operated at higher operating 
points, thus more efficiently, and coping with the same operational constraints. Nonetheless, 
the strategy for the unit commitment is similar, i.e., the two thermal generators with the 
largest capacity and lower specific costs (Group IX, Group X) are operating during the majority 
of time, while the other thermal generators are brought online to cope with variations of 
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electric demand and wind generation. Moreover, this is achieved without frequent charging 
and discharging of the BESS, and without requiring a considerable amount of energy, i.e., 
requiring a certain amount of power during short periods of time. This corroborates the analysis 
of the cycles of the battery illustrated in Figure 7.6.  
The battery system contributes to the adjustment of the islanded system to the variability 
of wind generation and to the maintenance of the thermal units’ operating point above its 
technical minimum by the charging process. Also, the BESS often discharges to support the 
starting process of a thermal generator, enabling the 10% of installed capacity security margin 
of the online thermal generators to be maintained. However, the main role of the battery 
system is the provision of spinning reserve and ramp response capability to the islanded system. 
Ensuring the fulfilment of the established reserve requirements displaces to the possible extent 
the need for participation of thermal generators in reserve management. 
 
 
Figure 7.11. Participation of the BESS in the management of spinning reserve 
Figure 7.11 illustrates the participation of the BESS in the required and available spinning 
reserve during the presented days. The available spinning reserve is, at any given moment, 
equal or higher than the required spinning reserve, meaning that the participation of the BESS 
is more relevant in required spinning reserve. Moreover, the combination of thermal generators 
that is online due to their installed capacity and operation during large periods of time at their 
technical minimum operating point lead to the over-availability of spinning reserve, 
particularly during valley load periods. The BESS presents a significant contribution to the 
spinning reserve, representing during large portions of the presented days a share greater than 
50% of the required spinning reserve. Furthermore, the BESS presents in every period of time 
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availability for participating in the reserve management of the islanded system. This is 
achieved by maintaining a certain SoC of the BESS at any given time, this enabling its 
availability for the provision of spinning reserve. This means that it is technically and 
economically more adequate to prioritise battery storage in islanded systems for providing 
reserve, rather than charging/discharging the battery system to adjust the operation points of 
thermal generators and/or respond to fast fluctuations of wind generation and electric 
demand. 
 
 
Figure 7.12. Comparison of the potential and actual wind generation with the BESS 
The adequate management of the BESS leads to a more efficient unit commitment of the 
thermal generators, resulting in increased integration of wind generation as shown in Figure 
7.12. Nonetheless, the impact of the battery system in the curtailment of wind generation 
during valley hours is reduced. The rationale for this behaviour is twofold. First, the presence 
of the BESS does not enable a different unit commitment during these periods, i.e., Group IX 
and Group X online. As a consequence, these thermal generators operate at their technical 
minimum operating point and, despite the BESS providing additional spinning reserve, the 
curtailment of wind generation is not reduced. Additionally, during these periods the BESS is 
or is close to being fully charged which means that it is not possible to additionally charge the 
battery system in order to allow additional wind generation to be accommodated. Second, the 
relative small size of the BESS (s2 – Li-ion, 1000 kWh, 2000 kW [discharge], 1000 kW [charge]) 
when compared to the size of the thermal generators also contributes to its reduced impact 
during valley load periods. However, as shown in the CBA analysis, the benefits of deploying a 
larger battery system so that a different unit commitment could be defined during these 
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periods, are not sufficient to surpass its integration costs. On one hand, this means that the 
investment costs of BESSs hurdle their potential of integration and are predominant over their 
technical and economic benefits. On the other, this shows that, in a BESS with a higher C rating 
for discharging and small storage capacity, maintaining a sufficient BESS’ SoC in order to 
provide availability of spinning reserve during non-valley load periods is more cost-effective. 
This occurs in virtue of the further integration of wind energy that is allowed in this case, in 
contrast with what occurs when maintaining a lower BESS’ SoC in order to be capable of 
charging during valley load periods. For example, by avoiding the start of Group VII in the first 
presented day, and by allowing the operation with one fewer thermal generator in the second 
presented day (when compared with the simulation without the BESS, see Figure 7.8) the BESS 
allows the reduction of the curtailment of wind generation during the majority of the non-
valley load periods. Therefore, the higher integration of wind energy is reflected in a more 
reduced fuel oil consumption by the thermal generators, although not proportionally as thermal 
generators operate at lower operating points, thus less efficiently. 
7.5. Relevance of the multi-stage operational optimisation 
In this section, the relevance and technical and economic impacts of the proposed multi-
stage operational optimisation is assessed. The focus of this analysis is on comparing the 
performance of BESSs at the planning and operational levels when only the day-ahead planning 
of operation is performed to when the multi-stage operational optimisation is performed, i.e., 
day-ahead planning of operation, short-term dispatch and operation, and generation system 
control are implemented (see Section 6.3.4).  
The objective is, on one hand, to evaluate the effects of considering the uncertainty of wind 
generation and its intra-day deviations from the forecasted wind generation; and on the other, 
assess the impacts of considering higher time resolutions (from one-hour steps in the day-ahead 
planning of operation to 1-minute steps in the generation system control stage) for the 
quantification of the technical and economic performance of the islanded system with and 
without the BESS throughout the planning horizon. Therefore, the developed methodology is 
applied to the case study also considering only one optimisation stage at the operational level, 
being the results compared to the ones obtained when the complete methodology is applied. 
The relevance of the proposed multi-stage operational algorithm is assessed in what concerns 
the optimal solution selection (in Section 7.5.1), the quantification of the benefits and the 
costs of BESSs (in Section 7.5.2), the cycle life of BESSs (in Section 7.5.3), and the operational 
performance of the islanded system with and without BESSs (in Section 7.5.4). 
7.5.1. Impact on the optimal solution selection 
The implementation of the developed methodology for the integration of BESSs in island 
electric grids including only an operational optimisation stage (i.e., the day-ahead planning of 
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operation), reveals that the most adequate BESS solution in this case is a Lead-acid battery 
(solution s4 in Table 7.4) with 1800 kWh, 900 kW of discharging power, and 540 kW of charging 
power limits. The main technical and economic parameters of the deployment of this BESS are 
summarised in Table 7.8, where the same parameters of the optimal BESS solution (i.e., the 
s2- Li-ion battery, resulting from the implementation of the methodology with the multi-stage 
operational optimisation) are also presented. 
 
Table 7.8. Technical and economic summary of the optimal BESSs solutions with and without the multi-
stage operational optimisation 
Technology 
(solution) 
Lead-acid 
(s4) 
Li-ion 
(s2) 
Scenario 
Day-ahead 
optimisation 
Multi-stage 
optimisation 
Power limits 
Charging 540 kW 1 000 kW 
Discharging 1 000 kW 2 000 kW 
Storage Capacity 1 800 kWh 1 000 kWh 
Location node Node N2 node N2 
Investment cost 1 350 k€ 1 750 k€ 
Maintenance 27 k€/year 36 k€/year 
Average OPEX reduction 288 370 €/year 398 000 €/year 
Net Present Value 541 k€ 1 436 k€ 
Internal Rate of Return 10.7% 21% 
Pay-back time 9 years 6 years 
Battery device replacement Year 6, Year 10 Year 10 
 
The optimal solution resulting from the implementation of the methodology considering only 
the day ahead planning of operation is substantially different from the optimal solution that 
results from the implementation of the developed methodology with the multi-stage 
operational optimisation, both technically and economically. In the former scenario, the 
optimal solution is based on Lead-acid technology, with a lower C rating for discharging (0.5C) 
although presenting a larger storage capacity (80% more storage capacity than the optimal 
solution of the latter scenario). Also, the more reduced investment cost of this Lead-acid 
battery system counterbalanced by a smaller average OPEX reduction provided, which results 
in a reduced NPV, still enables this BESS solution to stand as the optimal solution in the former 
scenario. This occurs, also, in spite of presenting the need of the Lead-acid battery device of 
being replaced twice during the 15-year planning horizon.  
The Lead-acid based BESS solution results from the optimal size and technology search 
process that, in the case in analysis, considers only the planning of operation stage for the 
quantification of the costs and benefits of BESSs. Figure 7.13 compares the NPV of installing 
different battery systems in technology and size in this approach to the optimisation of the 
operation of the islanded system. Results show that only a limited number of solutions are cost-
effective, consisting of Lead-acid and NaS based battery systems. None of the assessed Li-ion 
based battery systems is capable of providing sufficient OPEX reduction to surpass their life-
cycle costs. Therefore, this means that, when the operational model is based only in the day-
ahead planning of operation, two common parameters, one technical and the other economic, 
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contribute to the definition of the most adequate BESS to be deployed in the islanded system. 
Lead-acid based and NaS based battery systems are the ones that present the smallest 
investment cost per energy unit of storage capacity and that present the smallest C ratings. 
Investment costs as a key factor in the process of searching for the optimal BESS solution is also 
noticeable by the decrease of the NPV of Li-ion based solutions with the increase in the number 
of battery modules. On the contrary, the NPV of investing in Lead-acid battery systems 
increases with a number of modules between 1 and 3 and the NPV of investing in NaS battery 
systems increases with a number of modules between 2 and 5.  
 
 
Figure 7.13. Optimal size and technology search for BESSs (only day-ahead operational optimisation) 
These results are significantly different from the results that are presented in Figure 7.3 
where the search process for the optimal BESS solution, considering the multi-stage operational 
optimisation, is illustrated. In fact, the base case results show that large discharge power to 
energy ratios (e.g. Li-ion based battery systems) allow higher economic output, albeit their 
cost-effectiveness depending on the magnitude of the investment costs. Therefore, the optimal 
solution, when the planning of operation stage is exclusively considered, is significantly 
affected by the quantification of benefits and costs of BESSs. This quantification depends of 
the operational performance of the islanded system with and without the BESS which is 
different if a single stage of operational optimisation is considered. Additionally, these 
discrepancies also influence the cycle life of the BESS and, thus, its costs and provided revenues 
throughout the planning horizon. 
7.5.2. Impact on the quantification of benefits and costs of the BESS 
In order to adequately assess the relevance of the multi-stage operational optimisation in 
what concerns the quantification of the benefits and the costs of BESSs in islanded systems, 
first, the performance of the islanded system without BESSs in the operational optimisation 
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scenarios in which only the day-ahead optimisation is considered, and in which the multi-stage 
optimisation is considered, is compared. Table 7.9 presents the results for these two scenarios 
of operational optimisation in the first year of the planning horizon without the deployment of 
the BESS. 
 
Table 7.9. Performance analysis of the islanded system without BESS in the two scenarios of operational 
optimisation  
Parameter Without BESS Without BESS 
Scenario 
Day-ahead  
optimisation 
Multi-stage 
optimisation  
Potential Wind production 
(MWh/year) 
58 272 58 272 
Wind production (MWh/year) 52 225 46 940 
Curtailed wind energy (MWh/year) 6 047 11 332 
Wind curtail reduction (MWh/year) - - 
Thermal generators operating 
hours (hr/year) 
26 149 26 884 
Thermal generators average 
operating point  
(% installed capacity) 
60.4% 64.6% 
Number of starts 1 129 1 290 
Fuel oil consumption 
Kg/year 30 244 212 31 275 396 
€/year 18 146 527 18 765 238 
Gasoil consumption 
Kg/year 219 813 212 460 
€/year 164 860 159 345 
Lubricants 
Kg/year 235 341 241 956 
€/year 305 943 314 542 
Operational 
Expenditure 
Total 
€/year 
18 617 331 19 239 125 
 
When the technical and economic quantification of the operational performance of the 
islanded system is based on the operational optimisation limited to the day-ahead planning of 
operation, results reveal that there is an overestimation of the performance of the islanded 
system without BESS. Particularly, this is a consequence of more reduced needs of curtailing 
wind energy that are expected to occur, which is translated into a lower yearly OPEX. In fact, 
in the day-ahead planning of operation, 5.2 GWh/year of additional integration of wind energy 
is achieved, when compared to the scenario where the multi-stage optimisation approach is 
followed. Such capability of integrating wind energy leads to a significant reduction of fuel oil 
consumption, fewer starts and less operating hours of the thermal generators. However, a 
higher specific cost of the production from the thermal generators, in virtue of a lower average 
operating point, counterbalances this effect. This means that, when the intraday uncertainty 
of wind generation is not considered, i.e., the analysis is based on the assumption that wind 
generation and electric demand are known beforehand, the quantification of the performance 
of the islanded system is less accurate. This is particularly noticeable in what concerns the 
expected levels of wind integration. This discrepancy results from two wind-related factors: 
forecast errors that lead to a non-optimal thermal generators’ unit commitment during the 
day; intra-hour fluctuations of wind generation that result in different starting and shutdown 
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times of the thermal generators and that may lead to an additional thermal generator being 
brought online in order to address this variation of wind generation. Additionally, this is 
translated into a larger number of starts of thermal generators and a consequent larger number 
of their total operating hours. However, as a significant portion of wind generation needs to 
be curtailed to cope with security criteria and reserve constraints, thermal generators can 
operate during a larger portion of time at higher operating points. Nonetheless, in relative 
terms (comparing to the total OPEX), the error derived from considering the day-ahead 
planning of operation as the basis for the quantification of the operational performance of the 
islanded is small, about 3.45% of the OPEX with only the day-ahead optimisation. 
A similar behaviour occurs when a battery system is deployed in the islanded system, i.e., 
an overestimation of the technical and economic performance of the islanded system in terms 
of OPEX and wind integration when the day-ahead planning of operation is the basis of this 
performance quantification. The rationale of this fact concerns, also, the uncertainty of wind 
generation as well as its intra-hour variations during each day of analysis. However, the extent 
to which these aspects influence the quantification of the performance of the islanded system 
depend of the existence of a BESS and its technical characteristics. Table 7.10 summarises the 
technical and economic quantification of the performance of the islanded system including 
BESS for the two scenarios in analysis: quantification based on the day-ahead planning of 
operation, quantification based on the multi-stage operational optimisation (i.e., the complete 
implementation of the proposed methodology). The considered BESSs correspond to the optimal 
solutions in each of these approaches to the operational optimisation of the islanded system.  
In the scenario of day-ahead optimisation, the Lead-acid based battery system (1800 
kWh,900 kW [discharge], 540 kW [charge]) is the BESS (of the two battery systems presented) 
that ensures the largest reduction of the OPEX of the islanded system. This is, mainly, a result 
of the additional 2.8 GWh/year of wind energy allowed by the deployment of this BESS. The Li-
ion based battery system (1000 kWh, 2000 kW [discharge], 1000 kW [charge]), on the other 
hand, presents only about 50% of the OPEX reduction calculated for the Lead-acid BESS. 
However, an opposite behaviour occurs in the scenario of multi-stage operational optimisation, 
i.e., the Li-ion BESS presents technically and economically a superior performance.  
Furthermore, while the Li-ion BESS achieves a larger wind integration and, consequently, 
provides a larger reduction of the OPEX of the islanded system when the multi-stage 
optimisation scenario is considered, the Lead-acid BESS is only capable of attaining a portion 
of the benefits (i.e., 67%) estimated in the scenario of day-ahead optimisation. This means that 
there is an overestimation of the performance of the islanded system with the Lead-acid BESS, 
when comparing the two scenarios of operational optimisation, which is higher than the 
overestimation of this performance without BESS. On the contrary, basing the analysis only on 
the day-ahead planning of operation leads to an underestimation of the technical and economic 
value of the Li-ion BESS.  
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Table 7.10. Performance analysis of the islanded system with the optimal BESS solutions in the two 
scenarios of operational optimisation 
Parameter 
BESS: s4 – Lead-acid 
1800 kWh,900 kW [discharge], 
540 kW [charge] 
Optimal BESS: s2 – Li-ion 
1000 kWh, 2000 kW 
[discharge], 1000 kW [charge] 
Scenario 
Day-ahead  
optimisation  
Multi-stage 
optimisation 
Day-ahead  
optimisation 
Multi-stage 
optimisation 
Potential Wind production 
(MWh/year) 
58 272 58 272 58 272 58 272 
Wind production (MWh/year) 55 028 48 002 53 882 49 299 
Curtailed wind energy 
(MWh/year) 
3 244 10 270 4 390 8 973 
Wind curtail reduction 
(MWh/year) 
2 803 1 062 1 657 2 359 
Thermal generators 
operating hours (hr/year) 
25 414 26 125 25 752 25 178 
Thermal generators average 
operating point  
(% installed capacity) 
61.1% 65.8% 60.9% 66.9% 
Number of starts 1 181 1 316 1 232 1 215 
Fuel oil 
consumption 
Kg/year 29 702 479 30 920 646 29 948 319 30 534 691 
€/year 17 821 487 18 552 388 17 968 991 18 320 815 
Gasoil 
consumption 
Kg/year 267 607 242 060 261 373 221 233 
€/year 200 705 181 545 196 030 165 925 
Lubricants 
Kg/year 228 726 235 126 231 768 226 602 
€/year 297 344 305 664 301 298 294 583 
Operational 
Expenditure 
Total 
€/year 
18 319 536 19 039 597 18 466 320 18 781 323 
Reduction 
€/year 
297 795 199 528 151 011 457 802 
Reduction 
%/year 
1.60% 1.04% 0.81% 2.38% 
 
The reasons for the discrepancies in the quantification of the performance of the islanded 
system including a BESS are related with the technical characteristics of the BESSs leveraged 
by the differences in the underlying modelling of the considered stages of operational 
optimisation. In the day-ahead planning of operation stage, the operation of the islanded 
system is modelled with an hourly time resolution and considering the forecasted values for 
the electric demand and wind generation. In the following optimisation stages, i.e., the short-
term dispatch and operation, and the generation system control, the time resolution is higher 
(30-minute steps, and 1-minute steps, respectively), being based on a more accurate forecast 
of electric demand and wind generation (in the short-term dispatch and operation) or in the 
actual electric demand and wind generation (in the generation system control). As 
aforementioned, by not considering the impacts of the intra-day and intra-hour uncertainty of 
electric demand and, specially, wind generation, the assessment of the performance of the 
islanded system based on the results of the day-ahead planning of operation stage with and 
without BESS is less accurate. Moreover, these characteristics are reflected in the 
quantification of the benefits and costs of BESSs of different technologies and different power 
to energy ratios. 
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The rationale of the overestimation of the impacts of the Lead-acid BESS when their 
quantification is based only in the day-ahead optimisation (in comparison with the multi-stage 
optimisation scenario) is the fact that the day-ahead planning of operation stage does not take 
into consideration the uncertainty of wind generation and the needs to cope with its 
unpredicted intraday and intra-hour fluctuations. This means this assessment represents an 
upper boundary to the performance of the Lead-acid BESS in analysis. However, the Lead-acid 
BESS is not able to ensure the expected impacts during the intra-day operation of the islanded 
system as the deviations of wind generation and electric demand from their forecasted values 
can only be to a limited extent addressed by this battery system. The behaviour of wind 
generation during the day changes in the spinning reserve needs which require more availability 
of active power than storage capacity from the BESS. While the availability of active power 
needs to be equal or at least 50% of the wind output variation (depending of the wind speed), 
the energy required corresponds to the availability of the active power during the time required 
to bring an additional generator online (less than one hour). Therefore, in the islanded system 
integrating a battery system with a C rating lower than 1, the most cost-effective operational 
behaviour is often constrained by the discharging power limits of the battery. This leads to a 
more reduced technical and economic impact of the Lead-acid battery when the intra-day and 
intra-hour uncertainty of wind generation is taken into consideration (i.e., the quantification 
of its impacts includes the multi-stage operational optimisation). 
The underestimation of the technical and economic impacts of the Li-ion BESS (the optimal 
solution when the developed methodology is fully implemented) in the day-ahead optimisation 
scenario, on one hand, results from a more detailed model of the behaviour of the islanded 
system in the subsequent operational stages; and on the other hand, results from the hourly 
time resolution that is implemented at the day-ahead planning of operation stage.  
When the more discretised time-steps that are implemented in the closer to time of delivery 
operational optimisation stages, the characteristics of the BESS and of the thermal generators, 
particularly, their starting and shutdown curves can be adequately modelled, and thus the 
impacts of the Li-ion BESS are estimated more accurately. Also, the reserve requirements are 
calculated considering these higher time resolutions which often reduces the need for 
availability of energy, thus improving the benefits of energy-constrained resources such as 
BESSs, and particularly technological solutions with a larger discharging power to energy ratio. 
This leads to a smaller difference between the expected OPEX of the islanded system with the 
Li-ion BESS in the day-ahead optimisation scenario and the multi-stage optimisation scenario 
than between these scenarios without the deployment of the BESS. Therefore, this means that 
the islanded system is capable of addressing wind generation forecast errors and its intra-hour 
fluctuations in a more cost-effective way and with an increased integration of wind energy 
when the Li-ion BESS is deployed in the system.  
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An hourly time-step means that the scheduled charging/discharging power of the BESS as 
well as its contribution to the spinning reserve of the islanded system needs to be ensured 
during the time corresponding to each period of time, i.e., one hour. Therefore, the Li-ion 
BESS is not able to adequately translate its power capabilities into technical and economic 
benefits during the planning of operation in virtue of its limited storage capacity. For example, 
the Li-ion BESS, disregarding the charging/discharging efficiencies and the limited useful SoC 
range, can only contribute with 1 MW during one hour, in spite of presenting limits of 2 MW. 
This is further aggravated if the complete model of the BESS is taken into consideration. In 
fact, this behaviour results from the limited-recognition and adequate quantification of the 
technical and economic benefits of battery systems with a larger C rating for discharging. 
Figure 7.14 shows the additional wind energy integration enabled by battery systems according 
to their C rating for discharging. 
 
 
Figure 7.14. Additional wind integration with the C rating for discharging of the BESS (only day-ahead 
optimisation) 
Results show that the rate of increase of the additional wind energy ensured per storage 
capacity unit of BESSs is higher for lower values of C ratings for discharging. In fact, the 
additional wind energy per storage capacity unit saturates for C rantings for discharging larger 
than 0.6. This illustrates the limited technical benefits of battery systems with larger discharge 
power to energy ratios when the modelling of the operation of the islanded system is limited 
to the day-ahead planning of operation (with hourly time-steps). Furthermore, comparing the 
results of Figure 7.14 to the analogous results of the base case, presented in Figure 7.5, it is 
perceptible that there is an overestimation of the additional wind integration of the battery 
systems with smaller C ratings (e.g. Lead-acid based and NaS based solutions) for discharging 
while the opposite occurs for the battery systems with larger C ratings for discharging (e.g. Li-
ion based solutions) 
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7.5.3. Impact on the cycle life of the BESS 
The technical and economic impacts of a BESS in the performance of the islanded system 
are determined by its charging/discharging profiles and, consequently, by its different SoC 
through time (particularly in what concerns the participation of a BESS in the reserve 
requirements). Therefore, the assessment of the performance of the islanded system with BESS 
based on different scenarios of operational stage modelling and optimisation presenting 
differentiated results is, also, a reflex of a different estimation of the cycle life of BESSs. Figure 
7.15 illustrates the frequency of cycles according to their depth of the optimal BESSs resulting 
from the two operational optimisation approaches in analysis and when these approaches are 
implemented. Therefore, it is presented the cycle life of the Lead-acid BESS that results from 
the approach only with day-ahead optimisation and the cycle life of the Li-ion BESS that results 
from approach with the multi-stage operation optimisation for both scenarios of operational 
optimisation. 
 
 
Figure 7.15. Impact of the operational optimisation approach in the cycle life of BESSs 
Results show that for both battery systems, when only the day-ahead operational 
optimisation is considered, need to perform a significant portion of their cycles at high DoD. 
For example, in the case of the Lead-acid BESS 20.5% of the cycles performed present between 
80% and 82.5% of DoD. In the case of the Li-ion BESS, 57.4% of the cycles performed present 
between 72.5% and 75% of DoD. The larger share of deep cycles of the Li-ion BESS is a 
consequence of the discharge power to energy ratio of this solution and of the hourly time 
resolution of the operation modelling in the day-ahead planning of operation. The Li-ion BESS 
is capable of being fully discharged within one hour while the Lead-acid BESS requires two 
hours to be completely discharged. During the day-ahead planning of operation, the Li-ion BESS 
is scheduled to discharge in the most adequate period (e.g. one hour) while the Lead-acid BESS, 
due to the longer discharge duration, only discharges when the improvement of the islanded 
Relevance of the multi-stage operational optimisation 
235 
system’s operational performance resulting from the discharging for a longer period of time is 
justified, technically and economically (which occurs less frequently). Second, in virtue of the 
hourly time resolution in this optimisation stage, the scheduled discharging power needs to be 
maintained during one hour. Therefore, as the Li-ion BESS presents a smaller useful storage 
capacity, the same discharge power during one hour results in a higher variation of the SoC of 
the Li-ion BESS than of the Lead-acid BESS and, therefore, a higher DoD. 
Furthermore, the reasons for both battery systems in analysis to perform cycles with lower 
DoD when the multi-stage operational optimisation is performed are twofold. First, in this 
scenario, battery systems need to address the intra-hour variations of wind generation and 
electric demand in order to maintain the generation/demand balance and to maintain security 
criteria such as reserve requirements. In virtue of the nature of these variations, a larger 
availability and provision of power is required from the BESS, although during shorter periods 
of time (e.g. sub-hour adjustments), meaning lower variations of the SoC of the BESS. Second, 
the fact that the multi-stage optimisation is a rolling-window process that takes advantage of 
closer to time of delivery operational knowledge often reveals that the scheduled cycles (in 
the day-ahead optimisation) with high DoD are sub-optimal. This results from the additional 
wind energy integration and, thus, OPEX reduction that is enabled by the operation of the 
system with fewer generators online. Therefore, the intra-day and intra-hour operational 
optimisation leads to cycles with lower DoD in order to maintain battery systems with sufficient 
available power and energy to address reserve requirements and, consequently, avoid the 
starting of an additional thermal generator to cope with such security requirements. 
The calculated charging/discharging profiles when the assessment is based only in the day-
ahead optimisation result on about 20% more partial cycles in comparison to when the 
assessment is based on the multi-stage optimisation. This means that considering only the day-
ahead optimisation results in a larger number of cycles with a larger DoD. Consequently, a 
higher degradation of battery systems is estimated when the schedule of BESSs is defined in 
the day-ahead of operation, with an hourly time resolution, and with a limited consideration 
of the uncertainty and intra-hour variations of the behaviour of the islanded system, 
particularly wind generation. This is reflected in technical and economic impacts in the 
assessment of the performance of BESSs and, therefore, in the assessment of the performance 
of the islanded system with BESS during the planning horizon. On one hand, the higher rate of 
storage capacity fade leads to a more reduced contribution to the integration of wind energy 
and, thus, a lower reduction of the OPEX of the islanded system. On the other hand, this 
behaviour results in the need for replacing battery devices earlier and an extra time during the 
15-year planning horizon. This significantly impacts the CBA of BESSs as investments in storage 
capacity need to be performed, albeit this being partially counterbalanced by additional OPEX 
reduction (i.e., revenues for the CBA of the BESS) in virtue of the battery system presenting 
more often a storage capacity closer to its initial storage capacity. For example, the Lead-acid 
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BESS have its battery device replaced only once (i.e., at year 10) when the scenario of multi-
stage operational optimisation is considered. However, the battery device needs to be replaced 
twice, at year 6 and at year 10, when the scenario of day-ahead operational optimisation is 
considered. In spite of this investments needs being smoothed by the effects of inflation and 
cost of capital through time, as the battery device represents a significant portion of the total 
investment costs, these reinforcements of storage capacity are relevant for the CBA of BESSs. 
This means that the estimation of the cycle life of BESSs based on the day-ahead optimisation 
of the operation of the islanded influence the assessment and selection of the optimal BESS 
solution. 
7.5.4. Impact on the operational performance of the islanded system 
The quantification of the performance of the islanded system with and without the BESS 
based on the single operational optimisation stage, namely the day-ahead planning of 
operation, reveals significantly differentiated outcomes from the simulation of the operation 
of the islanded system when compared to the scenario of multi-stage operational optimisation. 
This results, on one hand, from a limited consideration of the uncertainty of wind (reflected 
only in the reserve requirements) and its intra-hour behaviour; and, on the other, results from 
the planning of operation based on forecasts of wind generation and electric demand that, 
inherently, present errors that are only reflected in the subsequent operational stages. These 
differences, in turn, lead to a different unit commitment of the thermal generators of the 
islanded system and a different estimation of the required wind curtailment.  
7.5.4.1. Day-ahead planning of operation without BESS 
Figure 7.16 depicts two days of simulation of the operation of the islanded system without 
the BESS when the results of the day-ahead planning of operation are considered. The 
presented two days of simulation of operation correspond to the same two days presented in 
Section 7.4 where the operation of the system with and without the BESS when the multi-stage 
operational optimisation is performed. 
Results show that, during the majority of time, the two largest thermal generators (i.e., 
Group IX and Group X) are kept online while the smaller thermal generators are started and 
shutdown according to the increase and the decrease of electric demand, respectively. This 
unit commitment is in line with the unit commitment resulting from the implementation of the 
rolling wind intra-day operational optimisation stages (i.e., short-term dispatch and operation, 
generation system control – see Figure 7.8). During non-valley load periods, the smaller thermal 
generators are brought and kept online during longer periods than the ones that are revealed 
to be required when the intra-day operational stages are considered. Despite potentially 
leading to additional curtailment of wind generation, this operation strategy ensures the 
availability of a higher level of spinning reserve and reduces the number of starts of the thermal 
generators. Moreover, during the valley load periods of the first presented day it is expected 
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that the islanded system is capable of adequately operating only with a 11.5-MW and a 5.7-MW 
thermal generators online. Typically, the unit commitment during valley periods dictates that 
two 11.5-MW thermal generators are kept online. The different unit commitment is a 
consequence of the forecast of wind speed that determine lower reserve requirements during 
these periods, i.e., the generation system needs only to ensure reserve for 50% of wind 
generation as the wind speed is between 15 m/s and 24 m/s. These differences in the unit 
commitment of the thermal generators leads to a different management of wind curtailment. 
 
 
Figure 7.16. 2-day simulation of the operation of the islanded system without the BESS (only day-ahead 
optimisation) 
Figure 7.17 illustrates the potential and actual wind generation from the existing wind parks 
without the BESS during the presented two days. The majority of the curtailment of wind 
generation occurs during valley load periods. However, in the second day presented the 3.6-
MW wind park (the first to be curtailed) has its generation curtailed during non-valley load 
periods (in fact, during some peak load periods). This occurs in virtue of the technical minimum 
of the thermal generators and the need of the system in maintaining four thermal generators 
operating due to reserve requirements. Comparing these results with the analogous ones 
presented in Figure 7.9 for the scenario of multi-stage optimisation, it is perceptible that there 
is an underestimation of the curtailment of wind generation, particularly during the valley load 
periods. This is a consequence of the different unit commitment strategy of the thermal 
generators that result from the two scenarios of operational optimisation.  
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Figure 7.17. Potential and actual wind generation without battery storage (only day-ahead optimisation) 
7.5.4.2. Day-ahead planning of operation with Li-ion BESS 
The main differences in unit commitment of the thermal generators that results from the 
day-ahead planning of operation with the Li-ion BESS in analysis (s2 – 1000 kWh, 2000 kW 
[discharge], 1000 kW [charge]) reside in the number of generators online and the periods for 
their starting and their shutdown during the non-valley load periods. Figure 7.18 presents the 
2-day simulation of the operation of the islanded system with the Li-ion BESS in this scenario 
of operational optimisation.  
Results show that the BESS enables the operation of the islanded system with fewer thermal 
generators online during longer periods of time. This is of particular notice during the first 
presented day, where Group VIII is scheduled to be online during a shorter period of the day, 
being its expected production (in the scenario without the BESS) partially compensated by the 
discharging of the BESS before the starting and after the shutdown of this thermal generator. 
During the second presented day, the BESS enables the operation of the islanded system during, 
non-valley periods, with one fewer thermal generator online. However, in this case, this occurs 
manly in virtue of the spinning reserve that this BESS makes available to the islanded system. 
The optimal schedule of the Li-ion BESS that results from the day-ahead planning of 
operation is substantially different from the final schedule that results from the subsequent 
operational optimisation stages (see Figure 7.10 in Section 7.4.2), particularly during valley 
load periods. While the behaviour in supporting the starting and shutdown of the thermal 
generators is similar, in the day-ahead planning of operation the Li-ion BESS is scheduled to 
charge during valley periods. The objective of charging during valley periods is to allow further 
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integration of wind energy while maintaining thermal generators operating at their technical 
minimum.  
 
 
Figure 7.18. 2-day simulation of the operation of the islanded system with the Li-ion BESS (only day-ahead 
optimisation) 
The reasons for the Li-ion BESS to present a different final charging/discharging profile are 
twofold. First, the actual unit commitment of the thermal generators during the valley periods 
of the first presented day is based on the operation of the largest units, which lead to the 
utilisation of the BESS for the provision of spinning reserve (the different unit commitment 
results from additional spinning reserve requirements). Second, in virtue of deviations of wind 
generation and electric demand from their forecasted values, the BESS is kept at a higher SoC 
to cope with reserve requirements, limiting its charging during valley load periods. The 
discharge power limits of the Li-ion BESS, in the day-ahead planning of operation, are never 
completely utilised. In fact, the maximum discharge power from this battery system is 920 kW. 
This is a consequence of the modelling of this operation stage that considers hourly time 
periods, leading to an underutilisation of the potential of the BESS (previously discussed in 
Section 7.5.2).  
The different unit commitment of the thermal generators together with the schedule of the 
BESS enables a more efficient management of wind curtailment, as shown in Figure 7.19. During 
valley load periods, the charging of the Li-ion BESS enables a slight increase in the integration 
of wind generation as the charging process is limited by the storage capacity of the battery 
system. During non-valley periods, particularly during the second presented day, the effects of 
the BESS are reflected in almost a total mitigation of the need for wind curtailment. In fact, 
wind curtailment is only performed during one hour in order to maintain thermal generators 
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operating above their technical minimum. The charge power of the BESS in this period is not 
sufficient to avoid the curtailment of wind generation. 
The schedule of the Li-ion BESS (including the reserve that is made available) during the 
non-valley hours of the first day presented presents no impact in the wind curtailment as the 
flexibility of the islanded system is sufficient to address the reduced wind generation during 
these periods. Instead, the benefits of this battery system consist in enabling the online thermal 
generators to operate at higher operating points and, thus, more efficiently, by providing 
sufficient spinning reserve to allow the starting of fewer thermal units. 
 
 
Figure 7.19. Potential and actual wind generation with the optimal BESS (only day-ahead optimisation) 
7.5.4.3. Day-ahead planning of operation with Lead-acid BESS 
The integration of the Lead-acid BESS in analysis (s4 – 1800 kWh, 900 kW [discharge], 540 
kW [charge]) in the day-ahead planning of operation of the islanded system significantly 
influences the unit commitment of the thermal generators and, consequently, the needs for 
wind curtailment. Figure 7.20 presents the two-day simulation of the operation of the islanded 
system with the Lead-acid BESS in this scenario of operational optimisation.  
Results depict that the Lead-acid BESS not only allows the islanded system to operate with 
fewer generators online during non-valley load periods but, moreover, enable a more efficient 
unit commitment during the valley periods. In fact, the islanded system is expected to operate 
only with a 11.5-MW and a 5.7-MW thermal generators during 6 hours and during 3 hours in the 
valley periods of the first and second days presented, respectively. Particularly, the different 
unit commitment in the second day presented is directly translated in the integration of wind 
energy. Additionally, the contribution of the battery system to the availability of spinning 
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reserve avoids the starting of Group VIII during the two days presented. Without BESS, this 
thermal unit is expected to operate during 16 hours during the presented period. 
 
 
Figure 7.20. 2-day simulation of the operation of the islanded system with the Lead-acid BESS only day-
ahead optimisation) 
The main reason for this behaviour of the islanded system with the Lead-acid BESS is the 
larger storage capacity of the battery system. In fact, it is the capability of this battery system 
to ensure the operation of the thermal generators at their technical minimum for longer periods 
(0.3C for charging) while providing sufficient spinning reserve to avoid the starting of an 
additional thermal unit that enables this more cost-effective operation of the islanded system. 
This is the main technical parameter that justifies the different unit commitment of the 
islanded system with the Lead-acid BESS when compared to the optimal unit commitment of 
the islanded system with the Li-ion BESS which presents a larger discharge and charge power 
limits. The impacts of the Lead-acid BESS in the unit commitment of the thermal generators 
enable a more efficient integration of wind generation, as shown by Figure 7.21.  
The main effect of the battery system is on mitigating the wind curtailment required by the 
9-MW wind park and on avoiding the curtailment of the 3.6-MW wind park during the non-valley 
load periods of the second day presented. In fact, with the exception of a 3-hour period during 
the valley load periods of the second day presented, the Lead-acid BESS is capable of 
completely avoiding the curtailment of the 9-MW wind park that is particularly relevant during 
these valley hours. Moreover, the curtailment of the 3.6-MW wind park is reduced during valley 
periods and fully mitigated during non-valley periods as a result of the operation of the islanded 
system with thermal generators with a lower technical minimum, or with fewer generators 
online, respectively. 
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Figure 7.21. Potential and actual wind generation with the Lead-acid BESS (only day-ahead optimisation) 
However, the potential benefits of the Lead-acid BESS that are estimated in the day-ahead 
planning of operation are not completely translated, both technically and economically, to 
benefits for the islanded system when the closer to time of delivery operational optimisation 
stages are implemented. This results from deviations of wind generation and electric demand 
from their forecasted values and the consequent operational constraints that arise that are 
more demanding in terms of availability of discharging power rather than in terms of availability 
of storage capacity. Therefore, when the Lead-acid BESS is not capable of avoiding or further 
deferring the starting of an additional thermal generator, its impacts on the operation of the 
islanded system are diminished. Moreover, the calculated optimal schedule of the BESS and the 
unit commitment of the thermal generators are not followed during several periods. This extent 
of time is related with the minimum operating time of the thermal generators and/or with the 
time required for the conditions for shutting down a thermal generator to be ensured, i.e., 
sufficient reserve provision from the battery system or reduction of reserve requirements due 
to changes in wind generation and electric demand. 
7.6. Methodology and results robustness to key parameters 
The implementation of the proposed methodology (with the multi-stage operation 
algorithm) to the case study of the islanded system is based on assumptions and base values 
for several technical and economic characteristics of the systems involved. These parameters 
are described in detail in Section 7.2 and include, namely, the characteristics of the BESSs 
considered in the analysis, the current and expected characteristics of the distribution network 
and generation system of the island electric grid.  
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In this section the robustness to key technical and economic parameters of the results of 
the base case of the case study and, consequently, of the proposed methodology is assessed. 
With this purpose, a sensitivity analysis to key characteristics of the case study is performed in 
Section 7.6.1, in what concerns the robustness of the optimal solution to economic and 
financial parameters of the BESS (in Section 7.6.1.1), the evolution of the generation system 
of the island electric grid (in Section 7.6.1.2), and the impact of the business model of the 
integration of the BESS (in Section 7.6.1.3). Additionally, the impacts of different wind 
penetration levels in the optimal sizing and battery technology selection of the BESS are 
evaluated (in Section 7.6.2).  
7.6.1. Sensitivity analysis to key characteristics of the case study 
7.6.1.1. Sensitivity of the optimal solution to economic parameters of the BESS 
The economics of battery storage significantly influence the adequate planning of the 
integration of battery systems, i.e., the selection of the battery technology and the optimal 
size of the BESS. Particularly, investment costs of BESSs are a recognised as one of the major 
barriers to the integration of these systems, capable of predominating over other technical and 
economic parameters in the selection of the optimal BESS solution. The investments costs 
considered for each battery solution included in the case study are presented in Table 7.4. 
However, these costs are subjected to present and future uncertainties. On one hand, current 
investment costs are influenced by the maturity of the battery technology, the technical 
requirements of a given application (e.g. response time, integration of the battery controller 
with other management systems), as well as economic requirements (e.g. warranty) and the 
location of the BESS (e.g. civil works required and the shipping of the equipment). On the other 
hand, battery storage technologies are expected to have their investments costs significantly 
reduced within the next years in virtue of the maturation of several technologies and the 
widespread deployment of these battery systems based in these technologies (including for 
mobility purposes e.g. electric vehicles). 
The impact of the variation of investment costs (relative to the base case values) in the 
optimal number of battery modules per technology in analysis is presented in Figure 7.22. 
Results show that, globally, the optimal number of battery modules tends to decrease with the 
augment of investment costs. However, the extent to which the optimal number of battery 
modules is influenced by a certain variation of the investment cost is technology dependent. 
While for battery solutions such as s2 – Li-ion, s3 – Li-ion and s5 – NaS the optimal number of 
modules is not altered by a small variation of the investment costs considered in the base case, 
a different behaviour is presented by battery solutions such as s1 – Li-ion and s4 – Lead-acid. 
For the solution s1 – Li-ion, a 10% increase of investments costs result in the reduction of one 
battery module in the optimal BESS based in this technology. For the solution s4 – Lead-acid a 
10% decrease of investment costs lead to an optimal Lead-acid BESS that consists of four battery 
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modules. In this case, the increase in the size of the optimal BESS solution is a consequence of 
the improved weight that the technical and economic benefits of the BESS (i.e., OPEX 
reduction) in the CBA resulting from a reduced investment cost. On the contrary, for the 
solution s5 – NaS, the optimal number of battery modules, within the range of the considered 
investment cost variations, is maintained, i.e., one battery module (the minimum number 
considered). In this case, the increase in the OPEX reduction provided by an additional battery 
module is not sufficient to be translated into a higher economic output (i.e., a higher NPV), 
even in the case of a 50% decrease in investment costs. Nonetheless, for the battery technology 
selected as the optimal in the base case, i.e., s2 – Li-ion, the optimal number of battery 
modules (2 battery modules) is constant for a wide range of investment cost variation, between 
-20% and +50% of the investment costs considered in the base case. This means that the process 
of the optimal solution selection in the base case is robust to variations in investment cost for 
this battery storage technology, in particular if investment costs are underestimated. 
 
 
Figure 7.22. Impact of investment costs on the optimal number of battery modules per technology 
Variations of investment costs of battery systems, by leading to changes in the optimal 
number of battery modules per technology, can also potentially lead to the selection of a 
different optimal BESS solution. This is illustrated in Figure 7.23, where the impact of 
investment costs on the global optimal solution and its NPV is presented.  
The NPV of the optimal BESS solution increases with the decrease of the investment costs 
(and vice-versa), although not linearly due to the behaviour of the value of money over time. 
Therefore, the rate of increase of the NPV is higher the more reduced the investment costs (as 
these are performed at an early stage of the planning horizon). Nonetheless, the optimal BESS 
reveals to be cost-effective (i.e., NPV larger than 0) even for investment costs 50% higher than 
the investment costs considered in the base case. In this case, the optimal BESS solution is also 
the optimal solution of the base case, i.e., s2 – Li-ion BESS (1000 kWh, 2000 kW [discharge], 
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1000 kW [charge]). In fact, this Li-ion BESS corresponds to the optimal solution for a wide range 
of invest cost variations, between -10% and 50% of investment cost variations. 
 
 
Figure 7.23. Impact of investment costs on the optimal BESS solution selection 
A decrease in investment costs equal or superior to 20% lead to the arising of different BESSs 
as the optimal solutions. These solutions are based on a different battery technology (s1 – Li-
ion) and present a larger storage capacity and discharging power: 1500 kWh, 2250 kW for a 
decrease in investment costs between 40% and 20%; and 2500 kWh, 3750 kW for a decrease in 
investment costs of 50%. This occurs in virtue of the combination of two factors: the decrease 
in investment costs leads to a decrease in its preponderance on the CBA of BESSs, enabling the 
more cost-effective deployment of BESSs with a larger size; with the opposite trend, the 
impacts on the OPEX reduction of the islanded system provided by BESSs are more economically 
relevant. This means that the technical characteristics of BESSs that enable these benefits 
present a higher impact in their economic analysis. In fact, the more adequate modularity, the 
higher charging/discharging efficiency, the larger useful SoC propel the selection of the 
technology s1 – Li-ion as the optimal solution when investment costs are decreased. On one 
hand, this may represent a future scenario where the investment costs of battery storage are 
lower. In such scenario, the optimal BESS presents a larger size and is based in a technology 
with higher technical performance. On the other hand, these results show the relevance of 
considering multiple technologies in the integration of battery storage in the planning and 
operation of islanded systems. 
Along with investment costs, the cost of capital influences the cost-effectiveness of BESSs, 
being also subjected to significant uncertainty. Cost of capital for battery storage investments 
depends of several factors including the stakeholder that invests in storage and its activity, the 
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location of the deployment of the BESS and the risks of the performance of the battery system. 
This means that cost of capital is case specific and, therefore, the analysis of the sensitivity of 
the optimal BESS solution to this financial parameter is relevant. Figure 7.24 illustrates the 
impact of cost of capital in the selection of the optimal BESS and in its economic output. 
Results show the robustness of the selection of the optimal BESS solution of the base case 
for different values of cost of capital, particularly if this value is underestimated. However, 
for cost of capital values of 4% or lower the optimal solution is different. In these cases, the 
optimal solution corresponds to a s1 – Li-ion BESS with 1500 kWh, 2250 kW of discharge power. 
The larger size and different battery technology results from the fact that the reduce cost of 
capital diminishes the weight of investment costs and augments the contribution of the present 
value of future revenues of the BESS during the planning horizon. This behaviour is in line with 
the chances in the optimal solution originated by the variations of investment costs, although 
to a different extent in virtue of the higher preponderance of investment costs in the CBA of 
BESSs. 
  
 
Figure 7.24. Impact of the cost of capital in the selection of the optimal BESS solution 
7.6.1.2. Impact of the islanded system evolution in the optimal BESS solution 
The base case of the case study includes the expected changes in the island electric grid 
during the planning horizon. This evolution of the islanded system consists of yearly load growth 
(2% per year), and additions to the generation system (2.2-MW waste value plant in year 2, 3-
MW geothermal plant in year 3, upgraded to 6-MW in year 6). Each of the parameters considered 
that model the evolution of the islanded system during the planning horizon influence the 
technical and economic quantification of the performance of the islanded system with and 
without BESS. However, the extent to which each of these parameters impact the added value 
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of integrating battery storage is different. On one hand, it depends of the nature of addition 
to the system as, for instance, an increase in electric demand presents a different impact 
compared to the installation of additional generation. On the other hand, it depends of the 
moment in time in which the modifications of the generation system and/or electric load occur 
(e.g. adding generation capacity in year 2 is different than adding generation capacity in year 
10). Also, it depends of the relative magnitude of the additional generation capacity and/or 
load in comparison to the total installed capacity and size of other generating units and the 
total and peak consumption of the islanded system. The impacts on the optimal BESS solution 
of, separately, not considering load growth, additions of renewable generation (waste value 
plant, geothermal plant), and the evolution of the islanded system through time are illustrated 
in Figure 7.25.  
 
 
Figure 7.25. Impact of different parameters of the evolution of the islanded system in the optimal BESS 
In summary, Figure 7.25 illustrates the relevance of considering the evolution of the 
islanded system as well as the performance of BESSs over time for an adequate quantification 
of the technical and economic impacts of the integration of battery storage. Nonetheless, the 
BESS selected as the optimal in the base case represents optimal solution in different scenarios 
such as the scenario of no added generation (although with underestimation of the cost-
effectiveness of the solution) and the scenario of no evolution of the islanded system (although 
with an overestimation of the cost-effectiveness of the solution). However, load growth 
presents a significant impact in the quantification of the benefits and costs of BESSs, and 
inclusively, leads to the selection of a different BESS as the optimal solution. 
Results show that load growth is the parameter of the evolution of the islanded system that 
presents the highest impact in the technical and economic impacts of the integration of BESSs. 
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In the scenario of inexisting load growth during the planning horizon, these impacts are 
reflected in the selection of a different optimal BESS that presents a significantly larger NPV 
(more than 4 times larger than the NPV of the optimal BESS in the base case). Although based 
in the same battery technology (s2 – Li-ion), the optimal solution, in this case, is a BESS with 
2000 kWh, 4000 kW [discharge], 2000 kW [charge]. This means that the size of the optimal BESS 
is doubled if load growth is not considered. The rationale for this is twofold. First, the effect 
of load growth is the relative decrease of the penetration levels of wind generation, thus 
offsetting the need for wind curtailment, particularly in valley load periods. Therefore, if load 
growth does not occur, the marginal benefits per storage capacity that BESSs are capable of 
providing do not decrease over time. Second, as the addition of non-flexible generation 
capacity is nonetheless considered to occur, the need for flexibility of operation is further 
stressed as it is not compensated by load growth. Both reasons for the increased value and 
larger size of the optimal BESS are reflected by the higher average wind curtailment. 
In the scenario where the additional renewable generation capacity (waste value plant, 
geothermal plant) is not deployed in the islanded system, the optimal BESS solution, albeit 
being the same solution of the base case, presents a lower economic output. The reasons for 
this are similar to the scenario of no load growth, although, in this case, the load growth 
smooths the effects of wind generation in the operation of the islanded system, which is further 
emphasized by the inexisting addition of generation capacity. This is in line with the lower 
average wind curtailment in this scenario. However, the extent to which the additional 
generation capacity impacts the economic output of the optimal BESS solution is lower. This 
results from the fact that the installed capacity of these new generating units is small relative 
to the electric demand of the islanded system. Also, this is a result of the addition of this 
generation capacity in during the planning horizon, rather than at the beginning, meaning that 
the reduced revenues of the BESS (i.e., lower reduction of the OPEX) presents a lower impact 
on its CBA. 
  An additional scenario is studied, where neither load growth nor the addition of generating 
capacity during the planning horizon are considered to occur. Also, the degradation of the 
storage capacity of BESSs over time is disregarded (both the cycle life and the calendar life of 
BESSs is not included). This means that the difference of the performance of the islanded 
system with and without BESS during the first year of the planning horizon is extrapolated for 
the whole duration of the planning horizon. Results show that, in this scenario, the optimal 
BESS solution (the same solution of the base case) presents a higher NPV when compared to 
the base case scenario. On one hand, the potential effect of the load growth in the assessment 
of the performance of BESSs (i.e., improve their cost-effectiveness, in a scenario of higher 
wind curtailment) is partially displaced by the non-addition of non-flexible generation capacity 
(i.e., decrease the economic output of BESSs, in a scenario of lower wind curtailment). On the 
other hand, by not considering the evolution of the technical and economic performance of 
Methodology and results robustness to key parameters 
249 
BESSs over time, the economic output of these systems can be overestimated as the need of 
replacing the battery device once its cycle life or its calendar life is achieved is neglected. This 
is further aggravated by the quantification of technical and economic impacts of BESSs in the 
operation of the islanded system that is performed considering the initial storage capacity of 
the battery system (as the degradation of battery storage is disregarded). For example, in this 
scenario, the optimal BESS ensures a lower average wind curtailment than in the base case 
scenario. 
7.6.1.3. Impact of the business model for battery storage in island electric grids 
The integration of battery storage in the planning and operation of the islanded system, in 
this case study, is assessed in the perspective of fuel consumption displacement (i.e., OPEX 
reduction) by the DSO. A significant portion of the OPEX reduction enabled by the deployment 
of a BESS is achieved through avoiding wind curtailment. However, one of the existing wind 
parks, the 3.6-MW wind park, is not owned by the DSO, meaning that the benefits of integrating 
battery storage may be counterbalanced by an increase in the costs of wind energy. On one 
hand, this represents a scenario where the BESS provides split benefits, i.e., although the DSO 
owns and operates the battery system in order to reduce its OPEX, the battery system provides 
benefits (i.e., increase in the remuneration) to the 3.6-MW wind park promoter. On the other 
hand, the operational optimisation of the islanded system with and without BESS includes the 
objective of minimising wind curtailment. However, depending on the price paid for renewable 
energy, the most cost-effective operation of the islanded system could result in a sub-optimal 
usage of available wind energy. The impact of the price paid for wind energy to the 3.6-MW 
wind park promoter in the economic assessment and the selection of the optimal BESS solution 
is presented in Figure 7.26. In the base case, the considered business model is equivalent to a 
price of 0 €/MWh paid for the additional wind energy that is enabled by the BESS. 
 
 
Figure 7.26. Impact of the price paid for renewable energy in the optimal BESS solution 
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Results show that if the technical benefit of reducing wind curtailment leads to a reduction 
of the economic benefits of the BESS, i.e., the additional wind integration needs to be paid to 
the wind park promoter, the economic output of the optimal BESS is lower with the increase 
in the price paid for that wind energy. In fact, the optimal BESS is only cost-effective for a 
price of wind energy (of the 3.6-MW wind park) equal or inferior to 96 €/MWh. Moreover, not 
only the price of wind energy reduces the NPV of the optimal BESS and, consequently, increases 
its pay-back time, but, also, can lead to the selection of a different BESS as the optimal 
solution. This occurs for renewable energy prices higher than 110 €/MWh, where the optimal 
solution is a BESS based on the same battery technology as the optimal BESS of the base case, 
although with half the number of battery modules (one battery module instead of two battery 
modules). 
Renewable promoters such as the 3.6-MW wind park promoter, as one of the stakeholders 
that benefit from the integration of battery storage, are potential investors and owners of 
these technological solutions. In the perspective of the renewable promoter, however, the 
revenues of the business model for BESSs are dependent of the price paid for the renewable 
energy (as the battery system enables further integration of wind energy). Therefore, the cost-
effectiveness of battery storage in the perspective of the renewable promoter is dictated by 
the price the DSO pays for renewable energy. In the perspective of the DSO, one of the 
objectives of integrating renewable energy is the reduction of the generation costs, thus the 
price to be paid for renewable energy needs to be, theoretically, lower than the specific cost 
of thermal generation. Figure 7.27 presents the boundary renewable energy prices, i.e., the 
price limits that enable the cost-effectiveness of a BESS in the perspective of the DSO and in 
the perspective of the 3.6-MW wind park promoter.  
In the perspective of the renewable promoter integrating battery storage, results show that 
the optimal BESS is a s2 – Li-ion BESS with one battery module (500 kWh, 1000 kW [discharge], 
500 kW [charge]). However, in this case the minimum energy price required by this battery 
system to achieve cost-effectiveness is higher than the specific cost of generation without BESS 
(156 €/MWh against the 119 €/MWh of thermal generation specific cost). This means that, even 
in the optimal BESS in the perspective of the renewable promoter, would lead the DSO to incur 
in additional operation costs as the price of wind energy offsets the reduction of OPEX in terms 
of fuel consumption. Moreover, this BESS is the solution that presents the lowest gap (a 
difference of 71 €/MWh) between the boundary renewable energy prices of the considered 
stakeholders’ perspectives. This difference between the boundary renewable energy prices is 
enlarged with the increase in the number of battery modules (particularly noticeable from two 
battery modules) as these solutions present lower economic outputs. Therefore, the maximum 
price that the DSO can pay for renewable energy decreases while the minimum price that the 
renewable promoter needs to be paid for the BESS to achieve cost-effectiveness increases. This 
dilemma further stresses the need for an adequate definition of the business model when 
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integrating battery storage in islanded systems, particularly when the islanded system is not 
fully vertically integrated, i.e., where stakeholders such as renewable promoters present 
additional revenues in virtue of the split-benefits of the integration of battery storage. For 
example, the co-ownership of a BESS between the DSO and the renewable promoter (although 
operated by the DSO) is a possibility for the maximisation of the aggregated value of integrating 
battery storage. 
 
 
Figure 7.27. Boundary renewable energy prices in the perspective of the DSO and the renewable promoter 
7.6.2. Impact of wind penetration levels in the integration of BESSs 
The level of wind integration significantly influences the operational performance of the 
islanded system with and without BESS. Consequently, the quantification of the technical and 
economic benefits of battery storage presents different results as the extent to which wind 
energy can be integrated in the islanded system varies in the presence of a BESS, and according 
to its characteristics. In the case study, the base case results are achieved with a penetration 
level, i.e., an installed wind generation capacity of 32% of peak demand. The impacts of the 
integration of battery storage with different levels of wind integration are dependent of the 
adequacy of the behaviour of wind generation to the pattern of the electric demand, the 
location and capacity factor of the wind park (40% in the base case with both parks located 
electrically close to each other), and the type and modularity (i.e., installed capacity per 
generating unit) of the generation system of the island. Nonetheless, the rationale of assessing 
the impacts of wind penetration levels in the integration of BESSs is twofold. First, it enables 
the validation of the developed methodology for addressing the higher challenges of 
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accommodation different levels of wind generation. Particularly, this sensitivity analysis allows 
understanding to which extent the underlying operational algorithm and its objectives and 
constraints (e.g. for reserve management) are the most adequate in the presence of further 
wind integration. Second, the extent to which wind integration influences the optimal sizing 
and technology selection of the optimal BESS is assessed. Therefore, future benefits of battery 
storage with an increased penetration of wind generation can be estimated. 
Figure 7.28 illustrates the evolution of the OPEX and the wind curtailment of the islanded 
system with and without the optimal BESS considering only the first year of the planning 
horizon. The base of comparison resides in the scenario of the islanded system without wind 
generation and without BESS, where the highest OPEX occurs. Without BESS, wind penetration 
levels up to 40% are translated into significant OPEX reductions. With higher wind integration, 
a saturation of the capability of the islanded system to properly accommodate further levels 
of wind generation starts to occur, reflected in the lower rate of reduction of the OPEX. This 
means that the integration of additional wind energy does not compensate the consequent 
higher levels of wind curtailment and lower operational efficiency of the thermal generators. 
With the deployment of the optimal BESS, the rate of decrease of the OPEX significantly 
decreases for wind penetration levels higher than 60%. This is also reflected in the wind 
curtailment where the optimal BESS enables a lower level of wind curtailment for every level 
of wind integration (except in the case of 0% of wind penetration). Although in percentage the 
difference between the wind curtailment with and without BESS does not substantially vary 
between different wind penetration levels, these differences are relevant in absolute values. 
For example, in the scenarios of 40% and 60% of wind penetration levels the difference in the 
wind curtailment with and without BESS is about 5 percentage points in both. However, this 
means the optimal BESS (in this case the same solution) enables the further integration of 1.2 
GWh of wind energy in the scenario of 60% of wind integration.  
 
 
Figure 7.28. Impact of wind integration in OPEX and curtailed wind with and without the optimal BESS 
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The optimal BESS that enables the reduction of the OPEX and wind curtailment presented 
in Figure 7.28 is based in different battery technologies with different sizes according to the 
wind penetration level. The impact of different levels of wind integration in the technical 
characteristics and economic output of the optimal BESS is detailed in Table 7.11. The CBA of 
the BESSs considered that the economic benefits of BESSs in the first year of the planning 
horizon represent the average revenues of the battery system during the whole period of 
analysis (load growth and generation system and distribution network upgrades are 
disregarded). Nonetheless, the cycle life of the BESS is included in the performed assessment.  
 
Table 7.11. Impact of wind integration in the technical and economic parameters of the optimal BESS 
Wind level  
(% of peak demand) 
0% 20% 40% 60% 80% 100% 
Optimal BESS – 
Technology 
(solution) 
Li-ion  
(s1) 
Li-ion  
(s2) 
Li-ion  
(s2) 
Li-ion  
(s2) 
Li-ion  
(s2) 
Li-ion  
(s2) 
Power 
limits 
Charging 500 kW 1 000 kW 1 500 kW 1 500 kW 2 000 kW 2 000 kW 
Discharging 1 500 kW 2 000 kW 3 000 kW 3 000 kW 4 000 kW 4 000 kW 
Storage Capacity 1 000 kWh 1 000 kWh 1 500 kWh 1 500 kWh 2 000 kWh 2 000 kWh 
Investment cost 2 000 k€ 1 750 k€ 2 625 k€ 2 625 k€ 3 500 k€ 3 500 k€ 
OPEX reduction 361 k€/yr 368 k€/yr 696 k€/yr 806 k€/yr 863 k€/yr 866 k€/yr 
Net Present Value 793 k€ 1 082 k€ 3 039 k€ 4 092 k€ 3 432 k€ 3 454 k€ 
Internal Rate of 
Return 
13.7% 17.3% 24.3% 29.1% 22.1% 22.2% 
Pay-back time 10 years 7 years 5 years 5 years 6 years 6 years 
 
The optimal BESS presents a positive NPV in all scenarios of wind integration levels. This 
occurs even in the scenario without wind generation, meaning that the technical and economic 
impacts of the BESS are not a consequence of a more adequate integration of renewable 
energy. In fact, the reasons for OPEX reduction and, thus, cost-effectiveness of the BESS in this 
case are threefold. First, without the integration of wind generation its uncertainty is removed 
from the intra-day and intra-hour operation of the islanded system, being the only source of 
uncertainty the electric demand (which in aggregated values is lower than the uncertainty of 
wind generation). This means that the BESS is able to follow during a larger period of time its 
optimal schedule that is calculated in the day-ahead planning of operation, thus maximising its 
benefits. Second, the specific costs of the thermal generation and, therefore, the magnitude 
of the OPEX of the islanded system are higher, meaning that the marginal benefits of 
integrating a flexibility resource such as the BESS can be higher. Despite being lower in relative 
terms, the contribution of the reduction of the OPEX is relevant in absolute terms (and relative 
to its investment costs). Final, the inexistence of the need to adjust to the long-term and short-
term variations of wind generation reduce the number of cycles that the BESS needs to perform. 
In fact, in this case the useful lifetime of BESSs is defined by the calendar life of these solutions 
which means a reduction of the costs during the planning horizon to replace the battery device 
of these systems (representing an increase in their NPV). The 15-year calendar life of the s1 – 
Li-ion BESS is, along with technical characteristics such as higher charging/discharging 
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efficiency and larger useful SoC, one of the main factors for the selection of this technology as 
the optimal in the scenario of 0% of wind penetration. 
The battery technology s2 – Li-ion is selected as the optimal solution in the scenarios with 
wind generation. From levels of 20% to 100% of wind penetration, the storage capacity of the 
optimal BESS increases from 1000 kWh to 2000 kWh. This means that the most adequate 
integration of a higher share of wind generation requires the deployment of larger storage 
capacity BESSs. However, the larger battery size is only reflected into a higher NPV for wind 
penetration levels equal or inferior to 60%. This is, in part, a consequence of the additional 
wind energy that the BESS is capable of properly accommodating in the islanded system. Figure 
7.29 illustrates the evolution of the NPV and the additional wind energy per unit of storage 
capacity of the optimal BESS for the considered levels of wind penetration.  
Results show that the additional kWh-year of wind energy per kWh of storage capacity are 
correlated with the NPV of the optimal BESS solution. An increase in the additional wind energy 
enabled by the BESS is reflected in a higher economic output of the solution. However, the 
rate of this increase in the transition to a higher level of wind penetration is lower when the 
optimal solution is a different BESS (i.e., a BESS with a larger storage capacity and 
charging/discharging power limits), becoming negative in the transition between 60% and 80% 
wind penetration level. Therefore, the extent to which an increase of the additional kWh-year 
of wind energy improves the economic output of the optimal BESS varies with the wind 
penetration level. There are three complementary reasons for the different correlation of the 
additional wind energy and the economic output of the optimal BESS that are related with both 
planning and operational aspects. 
 
 
Figure 7.29. Impact of wind integration in the NPV and additional wind energy of the optimal BESS 
First, the benefits of the further integration of wind generation are counterbalanced by a 
lower operating point of the thermal generators, augmenting the specific costs. Therefore, a 
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smaller difference between the average operating point of the thermal generators with and 
without the optimal BESS leads to a lower OPEX reduction. Additionally, the increase of the 
penetration level of wind capacity results in a higher number of thermal generators starts. This 
behaviour is illustrated in Figure 7.30, where the average operating point and the total number 
of starts per year of the thermal generators are presented. The optimal BESS is not capable of 
allowing the reduction of the number of starts of the thermal generators for high wind 
penetration levels (e.g. 80% and 100% of wind penetration). This offsets the value of the 
additional integration of wind energy and contributes to the reduction of the NPV of the optimal 
BESS in these scenarios. This occurs in virtue of the higher intra-day and intra-hour deviations 
of wind generation from the forecasted values, i.e., the same relative error leads to a higher 
need of adjustment by the generation system and the BESS of the islanded system. On one 
hand, this means that the participation of the BESS in reserve management is reduced as the 
battery system needs to more often compensate these variations. On the other hand, this 
reveals that the security criteria defined for establishing reserve requirements (e.g. wind speed 
criteria) may lead to a suboptimal operation of the islanded system with BESS in scenarios of 
extremely high integration of wind generation. 
Second, as aforementioned, the increase in wind integration leads to the need of more 
cycles from the BESS. On one hand, the intra-day and intra-hour variations of wind generation 
leads to the need to compensate these variations and/or to adjust the SoC of the battery 
system in order to enable its adequate contribution for the availability of spinning reserve. On 
the other, the BESS supports the operation of the islanded system during the starting and 
shutdown processes of the thermal generators (in order to maintain their technical limits, as 
illustrated in Section 7.4). Therefore, with the increase in the number of starts of the thermal 
generators the frequency of the cycles of the BESS is higher. This leads to the need of replacing 
the battery device of the BESS more times during the planning horizon. This is particularly 
relevant in the scenarios of high wind penetration (e.g. 80% and 100% of wind penetration) as 
the number and depth of the cycles required from the BESS are higher and the costs of these 
replacements are also higher due to the larger size of the BESS. For example, in the scenario 
of 80% of wind penetration, the battery device of the optimal BESS is replaced at the beginning 
of year 6 and at the beginning of year 11. This contributes to the reduction of the economic 
output of the optimal BESS in such scenarios of wind integration, as shown in Figure 7.29. 
Final, the increase in the penetration level of wind power leads to higher reserve 
requirements. Therefore, the technical and economic benefits of a BESS only increase with the 
further integration of wind generation to the extent to which the battery system can present 
a significant contribution the availability of spinning reserve. This is particularly noticeable in 
the transition from the 60% wind penetration level to higher wind penetration levels where a 
BESS with a larger storage capacity and similar C ratings for charging and discharging presents 
a limited improvement in OPEX reduction. This means that not only the s2 – Li-ion BESS with 
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2000 kWh, and 4000 kW for discharging presents a higher OPEX reduction but, moreover, the 
s2 – Li-ion BESS with 1500 kWh, and 3000 kW for discharging enables a smaller OPEX reduction 
in the scenario of 80% of wind penetration (620 k€/year of OPEX reduction) than in the scenario 
of 60% of wind penetration (806 k€/year of OPEX reduction). Nonetheless, for battery systems 
with larger storage capacity and power limits, investment costs predominate over the technical 
and economic impacts of the BESS leading to a reduction of its economic output. 
 
 
Figure 7.30. Impact of wind integration in the number of starts and the average operating point of 
thermal generators with and without the optimal BESS 
7.7. Final remarks 
In this chapter, the proposed holistic approach to the integration of battery storage in the 
planning and operation of islanded systems is validated in a case study, described in Section 
7.2. An adequate quantification of the technical and economic benefits of BESSs is achieved by 
comparing the islanded system operational performance with and without the deployment of 
BESS. The systematic method is implemented during the 15-year planning horizon enabling the 
optimal placement, technology selection and sizing of the battery system (in Section 7.3). The 
operational performance of the islanded system with and without BESS is compared in detail in 
Section 7.4. The relevance of the developed multi-stage operational algorithm to allow an 
efficient and flexible operation of the islanded system including the BESS, considering the 
technical constraints of thermal generators and the characteristics of wind power, is made 
evident in Section 7.5. The robustness of the methodology and of the results to key 
characteristics of the integration of BESS in islanded systems, including to different levels of 
wind penetration, is evaluated in Section 7.6.  
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The implementation of the proposed methodology in a real world case study of a Portuguese 
island demonstrates that battery storage can effectively tackle the challenges posed by wind 
generation. BESS addresses the variability and limited predictability of wind generation 
enabling a significant reduction of wind curtailment that is reflected in avoided operational 
costs and CO2 emissions of the islanded system. Furthermore, assessment results reveal that, 
albeit the currently high investment costs of battery systems, an optimised BESS solution 
(location, technology, and size) presents technical and, consequently, economic benefits that 
surpass its cycle-life costs. This means that present and future renewable-driven islands 
present a clear opportunity for the integration of battery storage. On one hand, investment 
costs of BESSs are expected to decrease in the future. Results show that under this scenario, 
not only the economic output of battery storage is improved but, also, the optimal BESS solution 
corresponds to a solution with larger storage capacity and power limits. On the other hand, 
renewable sources and, particularly, wind capacity is expected to increase in the next years. 
The sensitivity analysis of the optimal BESS to the increase in wind generation revealed that 
the added value of battery systems increases with wind generation which can lead to the 
deployment of solutions with a larger size. 
One of the key features of the developed methodology is the operational optimisation based 
on three stages, sequentially closer to the time of delivery, for the operation of the thermal 
generators, wind parks and the BESS of the islanded system. Implementing the intra-day and 
intra-hour operational stages (i.e., the short-term dispatch ad operation, and the generation 
system control) reveals to be fundamental for an adequate quantification of the technical and 
economic impacts of BESSs during the planning horizon. In fact, considering only the day-ahead 
planning of operation to assess the performance of the islanded system with and without 
battery storage leads to a different quantification of the impacts of BESSs and, thus, to the 
selection of a different BESS as the optimal solution. This results, mainly, from the limited 
modelling in this stage of operational optimisation of the uncertainty of wind generation 
(including forecast errors) and the intra-hour variations of wind power. Consequently, in this 
approach to the modelling of the operational stage of the problem leads to an overestimation 
of the technical and economic value of battery systems with a C rating for discharging lower 
than 1, and the underestimation of the value of battery systems with a C rating for discharging 
larger than 1. Moreover, cycles with a larger DoD are estimated with this approach leading to 
an overestimation of the need to replace the battery device during the 15-year period of 
analysis. 
 Additionally, the features that present the highest impacts in the quantification of the 
performance of BESSs consists of the considered evolution of the islanded system during the 
planning horizon and the business model of the integration of battery storage. Including load 
growth and the degradation of the performance of BESSs over time lead to a more accurate 
estimation of the value of BESSs in islanded systems. Disregarding these parameters of the 
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evolution of the islanded system leads to an overestimation of the technical value of the BESS 
(e.g. lower wind curtailment) and, thus, a higher economic output of battery storage. 
Moreover, depending of the business model, if the additional wind energy integration enabled 
by BESSs needs to be paid to private owners of wind parks existing in the islanded system, the 
present value of deploying battery systems can be significantly reduced, leading to the 
integration of a BESS with a smaller size. Nonetheless, the solution selected as the optimal in 
the base case (s2 – Li-ion, 1000 kWh, 2000 kW [discharge], 1000 kW [charge]) represents the 
optimal solution for wide range of variation of key parameters such as investment costs, cost 
of capital, the parameters of the evolution of the island electric grid and the business model.    
 
  
 
Chapter 8  
Conclusions and future work 
 
8.1. Overview 
Battery Energy Storage Systems (BESSs) have the potential to play a crucial role in present 
and future distribution networks, particularly under a smart grid scenario, aiming at the 
decarbonisation of the electric sector. There are several drivers for the growing attention 
towards BESSs. In the last decades, awareness about climate change and the extensive use of 
fossil fuels motivated the starting of the energy transition to a sustainable and low Greenhouse 
Gas (GHG) emission electric sector, which requires the massive integration of Renewable 
Energy Sources (RES). However, some of these renewable sources such as wind and 
Photovoltaics (PV) introduce new challenges due to the variability of their generation and the 
low controllability of their output. The present upward trend in renewables integration as well 
as the significant share of their participation in the electricity supply that is expected in the 
reference scenarios not only at the European level but, moreover, at global level, will demand 
enhanced flexibility from power systems. This is further stressed by the fact that a significant 
portion of these renewable sources are connected at the distribution network level, which is 
facing significant challenges in virtue of the liberalisation of the electric sector, its ageing 
infrastructure as well as the increase of peak demand in several parts of the world. One of the 
most prominent options for increasing flexibility is storing energy for using when it is mostly 
technically and economically needed, namely through battery storage systems. The scope of 
this research involved, therefore, the development of methodologies to evaluate how and to 
what extent BESSs can contribute to the technical and economic efficient accommodation of 
high shares of renewable sources in distribution networks. 
The drivers for the integration of renewable sources and, consequently, for the integration 
of battery systems are even more evident in islanded power systems. The particularities of 
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these electric systems such as the fact that they are typically based on the generation from 
small-scale thermal generators, presenting high production costs and a significant carbon 
footprint, stress the need of technologies that can address such challenges. Renewable sources 
can offset the use of fossil fuels with significant technical, economic and environmental 
benefits. However, their variable and intermittent nature limits the extent of their integration 
in virtue of particularly demanding operational constraints of the thermal generators, the fact 
that they are often connected to the distribution network and the small inertia of the islanded 
power system. By tackling the challenges posed by both the thermal generation and the 
renewable generation, battery systems can leverage the value of renewable energy while 
improving the flexibility of the island electric grid. Therefore, another aim of this research was 
to develop methodologies and algorithms capable of accurately assessing how BESSs can be 
adequately integrated in the planning and operation of renewable-driven islanded electric 
grids, based on a detailed quantification of their life-cycle technical and economic impacts, 
both in terms of Operation Expenditure (OPEX) and Capital Expenditure (CAPEX). 
In spite of the recognised potential capabilities and benefits of battery storage, there are 
however several challenges to their integration, that still have not been entirely tackled 
neither by consistent research, nor by the industry stakeholders, or even by regulators. Such 
challenges range from technological and technical challenges to economic, market and 
regulatory challenges. One transversal challenge to the integration of battery storage, 
particularly at the distribution level, is related with the multifunctional nature of these assets. 
In fact, BESSs are not only capable of performing services to the stakeholder integrating them 
but, moreover, are capable of presenting a wide services portfolio to different stakeholders, 
including the participation in different markets, thus spreading its benefits throughout the 
electric value chain. Such stakeholders include, for instance, the Distribution System Operator 
(DSO), renewable promoters and prosumers. Nonetheless, a holistic approach to the integration 
of battery storage, based on an accurate quantification of their life-cycle impacts, capable of 
recognising intrinsic characteristics of these technologies based on an adequate BESS modelling 
has not been sufficiently investigated. One of the focuses of this research was, therefore, to 
study the integration costs and benefits of multifunctional battery storage during its lifetime 
considering the perspective of different stakeholders of distribution networks such as the DSO, 
renewables promoters and Medium Voltage (MV) prosumers. Moreover, a further objective of 
the conducted research was to identify the potential of BESSs to provide services to different 
stakeholders of the distribution network, establishing the technical specifications for enabling 
such approach, and to develop the appropriate framework and operational algorithms for a 
coordinated operation of multiple battery systems. 
The purpose of this chapter is to present the conclusions of this thesis, clearly identifying 
the achievements and the reach of the conducted research, and suggesting directions for 
further work. First, a summary of the thesis is presented, outlining the main objectives of the 
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research, describing the approach followed in order to achieve such objectives, and describing 
how the performed work contributed to the key findings and contributions of this thesis. 
Second, the key findings and conclusions of the thesis are methodologically detailed with the 
purpose of addressing the research questions established in Chapter 1. Third, the main 
limitations of the study, particularly the limitations of the developed methodologies, are 
identified, being the basis for the suggestion of directions for future work. Fourth, the 
contributions to knowledge of this research are discussed, namely in what concerns their 
implications to the current understanding of battery systems and their integration in 
distribution networks. Last, the final conclusion of the thesis is exposed.  
8.2. Summary of the research 
The present context of the electric sector, namely the changes in the paradigm of 
distribution networks, is expected to create the opportunity for strategically designing the 
adequate integration of battery storage to face these new challenges, particularly in what 
concerns the further accommodation of renewable energy. Leveraging this opportunity implies 
addressing the research challenges that exist, namely in what concerns two fundamental 
segments of the integration problem of BESSs, i.e., the planning problem and operation 
problem of battery systems. Consequently, there is the need to develop a holistic tool for the 
accurate assessment of the technical and economic impacts of battery storage in distribution 
networks, considering the multi-functional and multi-stakeholder nature of battery storage as 
well as considering an accurate representation of battery systems. Adequately modelling the 
portfolio of services of BESSs for different stakeholders is fundamental. This needs to be 
performed regarding the different characteristics of distribution networks of interconnected 
and liberalised power systems and of islanded power systems. Aiming at tackling identified 
research gaps, the proposed planning framework and operation tools determine the optimal 
technology, size and location for a battery system, considering a detailed long and short-term 
operating strategy of the BESS and the distribution network to which it is connected. 
In order to achieve the established objectives, a methodological approach to the problem 
of integrating battery systems in the planning and operation of distribution networks of 
interconnected and of islanded power systems was defined. Such approach is reflected in the 
structure of this thesis, illustrated in Figure 8.1. In summary, a common planning framework 
supports two different operation tool for the definition of the optimal operational strategy of 
BESSs in interconnected power systems and in islanded power systems. The holistic approach 
of the planning framework with each of the developed operation tools is validated and assessed 
in two different and relevant case studies, in order to derive meaningful conclusions, and 
present plausible results, confirming the validity and applicability of the developed 
methodologies. 
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Figure 8.1. Followed structure of the work and thesis to achieve proposed specific goals  
8.3. Key findings and conclusions 
The key findings and conclusions are presented in this section, addressing the research 
questions of this thesis, outlined in Chapter 1. The findings and conclusions that support the 
answers to the four research questions on the integration of battery storage in distribution 
networks consist of the conclusions from the literature review of the problem, from the 
problem formulation, from the specification and development of the planning framework and 
operation tools, and from the validation through the case studies. The objective is to 
methodologically synthesise the most relevant findings of the research conducted from Chapter 
2 to Chapter 7, and whose conclusions were detailed accordingly. 
 
How can Battery Energy Storage Systems be operated to provide several services within the 
distribution network in a coordinated and cooperative way? 
One of the main recognised drivers for battery systems derives from their inherent 
characteristics, which enable them to provide a service portfolio to several stakeholders of the 
electric sector value chain. However, leveraging the transversal potential value of BESSs 
requires addressing several of the identified integration challenges, namely in what concerns 
the technical and economic approach to their planning and operation. First, it is necessary the 
modelling of battery storage to accurately reflect their behaviour when integrated in 
distribution networks, considering the need to fulfil the objectives of such modelling, i.e., 
being integrated in optimisation methods for the planning and operation of BESSs. Moreover, 
the performance of a BESS for a given application or set of applications varies according to the 
battery technology. Therefore, considering these effects based on a consistent framework is 
essential for its accurate technical and economic assessment and comparison with systems 
based on different battery technologies. This aspect also arises from the fact that the portfolio 
of services that a certain BESS is capable of providing depends of the requirements regarding 
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the availability of power and energy resulting from the combination of services, not only at a 
given point of time but, also, for the future (short or long-term) operation. 
Second, the problem of integrating battery storage in distribution networks is complex in 
what concerns determining the optimal battery technology, size (power and energy) and 
location of the BESS. This results from the fact that it depends of multiple factors, but mainly 
depends of the assessment of its performance resulting from its operational behaviour and its 
impacts at the distribution network level. In this sense, it is necessary a decoupling between 
the modelling of the operation stage and the planning stage of the integration problem of 
BESSs. Therefore, a broader planning framework was defined, capable of integrating diverse 
operational objectives and constraints. Moreover, such planning approach was considered with 
a distributed planning approach in order to enable the selection of the optimal BESS solution 
considering the perspective of a specific stakeholder. This is in contrast with several 
approaches to the planning of BESSs in which a centralised planning is proposed, limiting the 
services that the BESS can provide in the current liberalised and market-driven distribution 
networks. In addition, this constraint the maximisation of the potential benefits of battery 
storage at the stakeholder level and distribution network level.   
Third, the operation tools for BESSs in distribution networks often formulate the operation 
problem considering a single service or multiple service provision, although focusing on a single 
stakeholder (e.g. the DSO, a renewable promoter). However, the service aggregation of BESSs 
for the maximisation of their technical and economic benefits for the electric sector is essential 
for their adequate integration. Therefore, not only the multifunctional character of BESSs 
needs to be considered but, moreover, there is a need to implement a coordinated 
management of the multiple services that the BESSs can provide to several stakeholders. 
Moreover, such coordinated approach needs to be enabled by a functional architecture that 
recognises and establishes the requirements for the interaction of the battery systems with 
different stakeholders, including the DSO, market operators and the TSO. 
The developed planning framework and operation tool for the integration of BESSs in 
distribution networks of interconnected power systems tackles all the aforementioned research 
challenges. Moreover, the coordination problem is represented with the aim of aggregating the 
value streams of BESSs in what concerns their owners’ inherent services portfolio while 
regarding the adequate utilisation of battery systems to perform regulated services to the DSO. 
Therefore, such approach leads to the increase of the social welfare of battery storage by 
supporting a more efficient and flexible distribution network, while enhancing the technical 
and economic performance of the stakeholder integrating the BESS. The coordination approach 
minimises the utilisation of storage resources as adjusting the schedule of BESSs from their 
optimal in spite of broadening their technical value, reduces the economic output of these 
assets (considering the perspective of their owner). It is shown that the coordination approach 
presents a more reduced impact in the performance of BESSs that have their operation 
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dependent of demand tariffs (where demand charges periods reflect the utilisation of the 
electric grid) than BESSs that reflect more variable market prices in their operation. The 
implementation of a coordination approach, however, depends of the establishment of 
commercial contracts between the DSO and the owners of battery systems, in order to reflect 
the opportunity costs of participating in the coordination approach and improve the cost-
effectiveness of BESSs. Moreover, enabling the proposed coordination strategy requires a 
further step towards a smart grid scenario, namely in what concerns the observability of the 
distribution network as well as the availability of a developed Information and Communication 
Technology (ICT) infrastructure.  
 
How to adequately integrate Battery Energy Storage Systems in the planning and operation 
of renewable-driven islanded electric grids? 
The adequate integration of BESSs in the planning and operation of renewable-driven 
islanded electric grids needs to address four fundamental dimensions of the problem, resulting 
from the particular characteristics of these kind of electric grids and the potential value of 
battery systems. Addressing these four dimensions enables a holistic approach to the problem 
as well as an accurate quantification of the environmental, technical and economic benefits of 
the integration of battery storage. First, the integration of BESSs needs to regard the inherent 
characteristics of the conventional generation system of island electric grids, which typically 
consists in small-scale thermal generators with several operational constraints that are 
reflected in the economic performance of the islanded power system and in the integration of 
renewable sources. Therefore, modelling the generation system needs to include 
characteristics such as technical minimum load factor, the ramping capabilities as well as 
starting costs and generation costs at different operating points. 
Second, a detailed modelling of the existing renewable resources or that are foreseen during 
the planning horizon is essential for an adequate assessment of the behaviour of the islanded 
system, as well as the performance of the BESS. In addition, it is required to model the 
characteristics inherent to each renewable generation technology (e.g. wind and PV), 
considering their behavioural change with the variation of its resource (e.g. wind speed, solar 
irradiance). Modelling the variability of the renewable resource leads to the minimisation of 
the curtailment of renewable generation. This is fundamental in virtue of its environmental, 
technical and economic impacts in the performance of low-flexibility islanded power systems, 
particularly when increasing shares of these resources are integrated.  
Third, the BESS representation needs to be capable of encompassing the several 
characteristics of different battery technologies, and reflect their planning and operational 
performance considering the characteristics of the distribution network, of the generation 
system and of the renewable generation. This holistic representation enables the definition of 
the most adequate operating strategy of the BESS and the islanded power system, considering 
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also the spinning reserve requirements imposed by the existing renewable sources and electric 
demand.  
The definition of the location, battery technology and size of the optimal BESS can only be 
achieved by the comparison between the operational performance of the islanded system with 
and without the integration of the BESS, based on a similar representation of the islanded 
system. However, the assessment of the operational performance needs to be based on an 
operation tool that is capable of representing and managing the islanded system, including the 
BESS, considering the most close-to-real behaviour of the existing resources. Namely, such 
approach to the simulation of the behaviour of the islanded system needs to regard the 
uncertainty and fast fluctuations of renewable generation, the potential response from thermal 
generators and the BESS, as well as the maintenance of the spinning reserve requirements.  
The performed research demonstrates the relevance of modelling different stages of the 
operation problem (from the day-ahead planning of operation to the intra-day and intra-hour 
operation stages) with high time resolutions (lower than hourly time-steps) for an adequate 
planning and operation of BESSs. In fact, it was shown that limiting the representation of the 
operational stage to the day-ahead planning of operation with an hourly time resolution leads 
to a significantly different assessment of the performance of the islanded power system with 
and without BESSs. This can lead to the selection of a suboptimal battery solution, both in 
terms of battery technology and size. The rationale for this sub-optimality is threefold. First, 
considering only an hourly discretisation positively discriminates battery systems whose power 
versus energy ratio, i.e., the C ratings for charging and discharging are lower than one. This 
means that BESSs with potential discharge durations lower than one hour have their operational 
performance underestimated since their capability of addressing intra-hour variations of 
renewable generation and electric demand, as well as their capability of providing spinning 
reserve during shorter periods are not adequately reflected nor quantified. This is also 
reflected in an overestimation of the DoD of the cycles that these battery systems need to 
perform, leading to economic impacts when the 15-year planning horizon is considered.  
Basing the assessment of the performance of the islanded system and the BESS only in the 
planning of operation, on one hand, limits the representation of the characteristics of 
renewable generation to its variability. In this scenario, the impacts of the uncertainty of 
renewable generation are not reflected in the operation of the islanded power system as the 
effects of forecast errors are disregarded. This leads to an overestimation of the technical and 
economic performance of the islanded system without the integration of the BESS. This occurs 
in virtue of neglecting the operational factors that present the most demanding flexibility 
requirements, which are the forecast errors and the intra-hour variations of renewable 
generation and electric demand. On the other hand, in spite of an overestimation of the 
performance of the islanded system with the BESS in this scenario, the avoided operational 
costs enabled by the BESS are underestimated, independently of the size and the battery 
Conclusions and future work  
266 
technology in which it is based. This results from the fact that the potential intra-hour benefits 
of the BESS are not adequately reflected in the modelling of the problem, thus not accurately 
quantified. Namely, the capability of the BESS to postpone thermal generators starts and 
anticipate shutdowns, as well as the capability of providing spinning reserve in order to reduce 
the need of curtailing renewable generation. The inaccurate quantification of the technical 
and economic impacts of battery storage occurs even when an extended time series of data 
regarding renewable generation and electric demand is utilised. This means that considering a 
large sample of generation and demand scenarios is not sufficient to adequately represent and 
assess the performance of BESSs both at the planning and operational level. This stresses the 
relevance of the multi-stage optimisation process, performed in rolling time-windows. This was 
modelled, developed and included in the operation tool for the integration of BESSs in island 
electric grids proposed in this work, with results from the case study supporting this finding. 
 
How can Battery Energy Storage Systems contribute to the proper accommodation of higher 
shares of renewable sources in distribution networks, both in islanded and in 
interconnected power systems? 
The adequate accommodation of present and future shares of renewable sources, of which 
a significant portion is and will be connected at the distribution level, is the main driver for 
the high interest in BESSs from multiple stakeholders. These include researchers, developers 
of battery systems, the DSOs, the renewable promoters, the regulators, and the customer. In 
fact, BESSs have been regarded as complementary technologies to the further integration of 
renewable sources. However, there is not yet a complete understanding of how and to what 
extent these assets can contribute to increasing the penetration levels of renewable sources, 
in different integration scenarios such as distribution networks of islanded power systems and 
of interconnected and liberalised power systems. 
The implementation of the developed planning framework and operation tool in two 
relevant case studies provided several insights on the present and future role of BESSs in the 
accommodation of renewable sources. In distribution networks of interconnected and 
liberalised power systems, BESSs can foment the integration of renewable sources by enabling 
their adequate participation in electricity markets, including the provision of ancillary services. 
Such market participation results in a significant increase of the technical and economic value 
of renewable energy. In fact, an optimally sized and technology selected BESS is capable of 
addressing the intermittency and limited-predictability of renewable resources. However, the 
mitigation of the intermittency of renewable sources, when performed within a non-market 
approach, can lead to the reduction of the economic performance of battery systems, as the 
technical benefits provided are difficult to monetise.  
In the integration of BESSs for enabling the joint market participation with renewable 
sources, the adequate sizing of the BESS reflect the pursued technical objectives as well as the 
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behaviour over time of the forecast errors. The minimisation of forecast errors while addressing 
reserve requests from the TSO is achieved in a more cost-effective way by battery systems with 
longer discharge duration. This means that BESSs that can reduce forecast errors in the same 
direction (overestimation or underestimation of renewable generation) during longer periods, 
although with a lower reduction in magnitude of the forecast error, present a higher economic 
value in the current market context (market design, investment costs of BESSs).  
In distribution networks of islanded power systems, the contribution of BESSs for the 
accommodation of renewable sources resides mainly in their capability of addressing spinning 
reserve needs, thus offsetting the utilisation of thermal generators for this purpose. This means 
that the participation of the BESS in the operation of the islanded system is not focused on 
time shifting renewable generation nor electric demand to the most suitable periods. Instead, 
the main participation of the BESS consists of offering the availability of spinning reserve during 
significant extents of time, minimising wind curtailment and allowing the operation of the 
islanded system with fewer thermal generators online. This is performed by maintaining 
sufficient levels of stored energy to postpone thermal generators starts, discharging during the 
starting of thermal generators to ensure the maintenance of their capacity limits. Then, the 
BESS charges to maintain the technical minimum output of the thermal generators following 
the start process and, thus, further reducing the curtailment of renewable generation while 
increasing their SoC to enable the anticipation of the shutting down of a thermal generator.  
In this integration scenario, the optimal operating strategy for the BESS dictates that battery 
solutions with higher C rating for discharging present higher technical and economic benefits 
than solutions with lower C rating. This is also associated with the starting duration of the 
thermal generators, which typically require a sub-hour discharging duration from the BESS. 
Therefore, for the BESS functionalities considered in this study and for the same storage 
capacity, results revealed that Li-ion based battery systems, which typically present higher C 
rating for discharging, are more adequate for being integrated in an islanded power system 
than Lead-acid or NaS based BESSs. Moreover, the technical and economic value of battery 
storage increases with the further integration of renewable sources. This means that the 
benefits of the same battery solution increase when additional renewable capacity is deployed 
in the islanded system. This stresses the conclusion that BESSs present higher technical and 
economic potential benefits in scenarios of increasing needs for flexibility and, thus, are 
capable of playing a significant role in future renewable-driven distribution networks. 
 
What are the technical and economic impacts of battery storage in distribution networks 
considering perspectives of different stakeholders (DSO, renewables promoters and 
prosumers) during its useful life? 
The technical and economic impacts of battery storage depend of the perspective of the 
stakeholder that integrates it, or that benefits from it, of the objectives of its integration, and 
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of the context of the integration (interconnected and liberalised power system, or islanded 
power system). Moreover, these impacts vary with the evolution over time of the distribution 
network and with the degradation of the battery system. Nonetheless, in any case, an adequate 
integration of a battery system in terms of planning and operation enables benefits for different 
stakeholders and contributes to the accommodation of renewable sources. This work 
considered the distinct perspectives of the stakeholders of distribution networks towards 
BESSs, who recognise and value differently the portfolio of services that BESSs can provide. 
For the DSO of an island electric grid, the integration of battery storage presents itself today 
as a clear opportunity. Despite the currently high investment costs of several battery systems, 
an optimal sizing, siting and battery technology selection of the BESS cab present economic 
benefits during the planning horizon to surpass its life-cycle costs. This results from the fact 
that the thermal generators present high generation costs, meaning that the capability of the 
BESS to allow the operation of the islanded system with fewer thermal generators online during 
extended periods while enabling the further integration of renewable generation are translated 
into significant economic benefits. Therefore, the future improvement of storage economics, 
not only, will further stress this opportunity but, moreover, will lead to the integration of larger 
battery systems. However, the cost-effectiveness of the battery system depends of multiple 
factors, including the defined business model as well as the evolution of the distribution 
network. The economic value of the BESS depends of the additional cost that the extra 
renewable energy accommodation enabled by the BESS represents to the DSO, in case the 
existing renewable sources are owned by third parties. Therefore, defining an adequate 
business model in such cases is fundamental to address the pernicious effect that the further 
integration of renewable energy is reflected in a reduction of the cost-effectiveness of the 
BESS. 
Furthermore, the assessment of the impacts of battery storage during a certain planning 
horizon is subjected to the uncertainty associated with the evolution of the distribution 
network. Namely, the electric demand growth is a determining factor for the assessment of 
the cost-effectiveness of a battery system. This occurs as load growth by itself enables to a 
certain extent additional accommodation of renewable energy, thus diminishing the need and 
value of the flexibility provided by the BESS. In fact, this parameter can influence the optimal 
sizing of the BESS in this integration context. 
For DSOs of interconnected and liberalised power systems, the impacts of BESSs depend of 
the perspective of their integration, their services portfolio as well as the approach of the DSO 
to the operation and management of these resources. It is verified that, in fact, BESS are 
capable of enabling a more flexible and efficient operation, with an adequate accommodation 
of renewable sources. In addition, these systems allow deferring investments in capacity 
upgrade, namely in the upgrade of primary substations and in the extension or revamping of 
lines/cables. However, the maximisation of their value for the DSO, in a perspective of 
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regulated services provision, requires the coordination of these systems by the DSO. Such 
coordination allows the DSO to adjust the schedule of the different BESSs when conflicting 
objectives occur, or when the optimal schedule of the BESS in a local perspective is not 
adequate to the operational constraints of the distribution network to which they are 
connected. Nonetheless, not including the potential utilisation of the BESS by the DSO (through 
service provision) limits the capability of BESSs, throughout the planning horizon, to respond 
to the requests of the DSO for supporting the operation of the distribution network. 
For renewable promoters, coupling BESSs with renewable sources represents a clear 
approach to the mitigation of the impact of the intermittency of renewable resources, as well 
as to augment the value of renewable generation through an adequate market participation. 
The current investment costs of BESs stand as a hurdle to such approach, which can lead to the 
deployment of battery solutions with reduced technical impacts and low representativeness in 
comparison with the share of renewable sources and the electric demand of the distribution 
network. Therefore, beyond economic objectives, the integration of BESSs that are capable of 
adequately addressing the challenges posed by renewable sources need to consider, at the 
planning level, targets for the minimum technical performance of battery systems. 
Nonetheless, the technical and economic impacts of BESSs in this perspective depends of the 
forecast errors of renewable generation. It is recognised that the cost-effectiveness of BESSs 
will decrease with the improvement of the accuracy of forecasting techniques. On one hand, 
such impacts depends, however, of the rate and extent of the future reduction of life-cycle 
costs of BESSs. On the other hand, a significant portion of the benefits of BESSs will be 
maintained in virtue of the market penalties that will persist due to the intra-hour fluctuations 
of renewable sources. In addition, the capability of the BESS to participate in ancillary services, 
which can represent the major portion of economic revenues provided by the BESS, is majorly 
maintained. In case the future market framework recognises the added value of flexibility, the 
inherent services that BESSs can provide will more adequately reflect, in economic terms, their 
technical benefits. 
For industrial prosumers, the integration of BESSs can effectively reduce their demand 
charges while maximising the value of the locally generated renewable energy. Moreover, BESSs 
are capable of responding to the intermittency of renewable generation, limiting their impact 
at both the distribution level and system level. However, the current market design does not 
recognise some of the technical benefits of BESSs such as their capability of firming the load 
profile of prosumers. This means that, not only, there are not incentives for prosumers to 
integrate BESSs with perspectives of distribution network operational improvements but, also, 
addressing the intermittency of renewable sources and electric demand reduces the economic 
output of battery systems. This results from the fact that these additional functionalities limit 
their performance of other of additional economic value and increase the stress of the cycle-
life of BESSs, leading to the further degradation of their performance during the planning 
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horizon. In any case, the cost-effectiveness of the integration of BESSs by prosumers is strongly 
limited by the required investment costs and the reduced prices differentials between different 
consumption periods. This is particularly relevant if minimum size requirements for the BESS 
are established for the provision of services such as backup provision, whose value is difficult 
to estimate. 
8.4. Limitations of the study and directions for future work 
Further work is proposed for the improvement and extension of the planning framework and 
operation tools developed in this work, with the objective of overcoming their main limitations, 
which have been identified within this research. Two main directions for future investigation 
are suggested. One is related to the further development of the planning framework, namely 
in what concerns the possibility of improving the developed search process for the optimal 
solution, as well as its application for comparing battery storage with alternative solutions. 
The other direction consists of possible improvements of the operation tools for battery 
storage, particularly in what concerns the mathematical model for representing BESSs, and the 
addition of relevant functionalities or multiple technologies.  
8.4.1. Further development of the planning framework 
The developed planning framework performs the search for the optimal solution based on 
an iterative exhaustive process. This process consists, first, of defining a location, battery 
technology and minimum size for the BESS and, then, iteratively increasing the BESS size 
according to the modularity of the given battery technology until the stoppage criteria are 
achieved. Then, a new battery technology is defined and, when all considered battery 
technologies are assessed, a new location for the BESS (in the case it is not predefined) is 
determined and the process of increasing the size of the battery system restarts (as described 
in Chapter 3). The developed search process is efficient when a limited number of battery 
technologies and locations for the BESS is considered. Moreover, results showed that the 
currently high investment costs of BESSs lead to optimal solutions of reduced size, requiring 
few iterations of size increase to be achieved. However, increasing the number of possibilities 
for the location and the battery technology of the optimal BESS will lead to a lower efficiency 
in the optimal solution search process. This will be further aggravated by the foreseen decrease 
of investments costs of BESS in the next years, which will lead to an increase in the size of the 
optimal solution. In order to address this limitation of the planning framework, a suggestion 
would be to develop and implement a heuristic method for the search of the optimal BESS. 
However, such methods typically present convergence challenges in cases in which the 
evaluation stage of the problem (i.e., the scheduling of the BESS in the operation problem) is 
complex and with significant computational burden. Therefore, a possibility would be to reduce 
the search space of the developed planning framework by predefining a set of potential optimal 
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solutions through a heuristic method based on a simpler representation of the operational stage 
of the problem. This additional step in the planning framework would require establishing 
criteria for the inclusion of BESS solutions in the pre-selected set. Nonetheless, the developed 
planning framework would be applicable for determining the optimal location, battery 
technology and size of a BESS considering a set of operational objectives. 
The integration of battery storage by a distribution network stakeholder is the only 
investment option that is considered in the planning framework. The question arising is how 
BESSs compare to other means of flexibility and that if BESSs are the most technically and 
economically valuable solution, since alternative solutions are disregarded at the planning 
stage. For example, in a distribution network of an interconnected power system, results reveal 
that, when integrating BESSs in a coordinated way, a significant portion of their participation 
in the operation of the distribution network concerns an adequate reactive power 
management. Therefore, it would be pertinent to understand the benefits of integrating, for 
instance, capacitor banks as well as understanding the complementary role of battery storage. 
Another question of interest that could be addressed by a comparison framework between 
alternative solutions, in the case of island electric grids, would be the optimal combined 
investment in conventional and renewable generation along with BESSs. Nonetheless, the 
developed methodologies enable quantifying the opportunity costs for battery storage in 
different integration scenarios, therefore establishing benchmark values for the comparison 
with alternative solutions.    
In spite of considering the distribution network evolution and of the degradation of the 
performance of the BESS over time, the planning framework considers that the BESS needs to 
be integrated in the beginning of the planning horizon, without additional capacity 
reinforcements during this period (only replacement of the battery system is considered at its 
end of life). However, this may not be the optimal way to integrate battery systems. Results 
showed that the technical and economic performance of these systems depends on the grid 
operational stress and need for flexibility. For example, results from the case study on the 
integration of battery storage in islanded power systems revealed that the benefits of the 
battery system increase when there is an upgrade of renewable generation capacity, or when 
additional non-flexible generation is introduced. Therefore, a suggestion would be to extend 
the developed planning framework in order to consider different moments to integrate and/or 
to increase the size of a given BESS during the planning horizon. This would not only allow 
considering the effect of the expected evolution of the distribution network in the integration 
approach of battery systems but, also, considering the effect of the expected evolution of the 
economics of BESSs in their potential performance during the planning horizon. 
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8.4.2. Improvement of the operation tools for battery storage 
One of the most prominent research challenges in the representation of battery storage in 
the operation of distribution networks is related with their adequate modelling. In this work, 
a mathematical model for representing BESSs was defined, considering their main technical 
parameters. Namely, the developed representation of battery storage includes the power 
limits, the storage capacity, the charging and discharging efficiency and the State of Charge 
(SoC) of the BESS. However, there are additional dependencies between these parameters that 
were not modelled in detail, which may lead to an overestimation of the performance of BESSs. 
These are particularly relevant in the case a high time resolution (e.g. one minute) is utilised 
for the quantification of the impacts of BESSs. Namely, the power limits are lower when the 
SoC of the BESS is close to its limits due to the voltage constraints at the terminals of the 
battery cells. This limits the capability of the BESS in adjusting its SoC and, therefore, its ability 
to perform certain services. Therefore, a suggestion would be to investigate the possibility of 
a more accurate representation of battery storage while addressing the modelling/optimisation 
dilemma, i.e., without imposing further simplifications to the modelling of the operational 
stage of the problem.  
Moreover, the operation strategy of BESSs is defined with the objective of maximising the 
benefits of the integration of these systems. While the scheduling of a battery system does 
take into consideration the revenues and costs for the respective stakeholder, this scheduling 
does not include, directly, the cost of performing the defined charging/discharging cycle 
considering the expected battery degradation resulting from such cycle. Therefore, a 
suggestion would be to derive a linear function that approximates the cost of performing a 
cycle with a given Depth of Discharge (DoD). This function would be integrated in the objective 
function of the operation of the BESS, limiting the charging and discharging of the BESS to the 
cycles with revenues sufficient to surpass its life-cycle costs. However, with the currently high 
investment costs of battery storage, such implementation would minimise the services portfolio 
that the BESS could provide. 
One of the main features of the developed operation tools concerns the fact that they 
represent different stages of the operation problem of BESSs, from the planning of operation 
to closer to the moment of delivery stages. This enables a more detailed quantification of the 
impact of the uncertainty of renewable generation and electric demand, as well as the accurate 
assessment of the BESS performance. However, some questions arise from the multi-stage 
representation of the operation of battery systems, particularly in the case of the operational 
algorithm for multifunctional BESSs in liberalised power systems, namely in what concerns their 
market integration. While the uncertainty of renewable generation and electric demand is 
addressed, market prices are considered to be known beforehand. This can lead to the 
overestimation of the benefits of a battery system, particularly when participating in the day-
ahead market and/or in ancillary services markets. Therefore, a suggestion would be the 
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extension of the developed tools for the generation of synthetic but statistically representative 
renewable generation and load profiles to electricity market prices. This would allow 
quantifying the technical and economic impacts of the uncertainty of market prices in their 
performance.  
Furthermore, a multi-stage approach to the operation of BESSs would be more accurate if 
it considers the potential adjustments of the schedule of BESSs based in the participation in 
intra-day markets. Therefore, a suggestion for further work would be the modelling and 
implementation of such electricity markets in the developed operational algorithm. Including 
the intra-day market participation, on one hand, would offset the effects of the day-ahead 
market uncertainty. On the other hand, it would improve the effectiveness of the participation 
of the BESS in ancillary services markets. In fact, results showed that the implemented 
approach to the market participation by BESSs leads to periods in which the available storage 
capacity is insufficient to cope with capacity requests from the Transmission System Operator, 
in virtue of the uncertainty of the moment and magnitude of its reserve requests. Therefore, 
this suggestion to include intra-day markets in the operational algorithm would further improve 
its adequacy for representing the operation of BESSs in distribution networks. Nonetheless, the 
developed operation tool includes intra-day adjustments of the SoC of BESSs in order to ensure 
their availability to participate in a more efficient and flexible operation of the distribution 
network. 
8.5. Implications of the thesis contributions 
Propelled by the objective of addressing the research questions, the key finding and 
contributions resulting from the research, development and validation of the proposed planning 
framework and operation tools, enabled the identification of the contributions of this thesis 
(described in Section 1.4). In this section, the thesis contributions are discussed regarding the 
implications of this research in what concerns the current understandings on the integration of 
battery storage in distribution networks. 
In summary, the thesis contribution are the following: 
 
 A systematic method for the optimisation of sizing, siting and selection of the 
battery technology  of BESSs in distribution networks of islanded and interconnected 
power systems, based on technical and economic criteria; 
 
 Functional architecture for the hierarchically coordinated operation of BESSs in 
distribution networks that leverage their local, systemic and market benefits; 
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 Operation tool  that defines the optimal scheduling and operation of battery systems 
integrated by different stakeholders with several objectives, leveraging the 
potential of BESSs for their owners’ and the DSO activities; 
 
 Multi-stage rolling window operational algorithm for battery storage in islanded 
power systems, based on a detailed modelling of an innovative operation strategy 
and representation of the BESS, the conventional generation system and the existing 
and future renewable resources; 
 
 Expansion of the knowledge on the planning and operation of BESSs in different 
distribution networks contexts, enabling the identification of key technical and 
economic parameters of their integration; 
 
The contributions of this thesis present implications for different actors of the electric 
sector, as they could benefit from the presented research. 
Distribution System Operators can be clear beneficiaries of this research, particularly 
considering that the perspective of DSOs in the integration of battery storage in the planning 
and operation of distribution networks is studied in detail. The research also developed tools 
that can quantify the opportunity costs for the DSO of designing and implementing a 
coordination approach to the accommodation of battery systems in distribution networks. The 
potential benefits for DSOs that this research indicates that can result from battery storage 
could encourage them to endeavour a new change in their operation management paradigm, 
where battery systems could be adequately considered. 
The research presented in this thesis contributes to the further understanding of the 
possible present and future roles of battery systems in distribution networks. This research 
presents implications to the regulators of the electric sector that have the objective of 
facilitating the decarbonisation of the sector while limiting the impacts and benefiting end-
users of electricity. The outcomes of this thesis can be utilised by regulators to design 
regulations that recognize the particular features of battery storage as well as the technical 
and economic benefits that they can provide to different stakeholders of the electric sector. 
The contributions of this research could contribute to framing the scope of battery storage 
integration, rewarding the social welfare effect of battery storage, while adequately comparing 
these technologies against other alternative solutions in a fair and non-discriminatory way. 
This research provides an insightful support for the industry associated with the electric 
sector, particularly battery manufacturers as well as integrators of the entire battery system. 
The most relevant features of BESSs in what concerns their impacts in the performance of the 
battery system during a certain planning horizon are identified. Moreover, such characteristics 
and technical and economic parameters are identified, and the extent of their impacts 
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quantified, considering different portfolio of services, in the perspectives of different actors 
and distribution network contexts. Therefore, battery manufacturers could utilise the 
outcomes of this research to address the identified technological challenges in what concerns 
the integration of battery storage in distribution networks. Beyond this, for battery systems 
integrators, this research provides the techniques to adequately size and select the battery 
technology in multiple integration scenarios. In addition, the technical and economic value for 
the final battery system user (e.g. prosumer, renewable promoter, DSO) can be quantified in 
detail, therefore promoting the understanding of the potential of battery storage. 
Furthermore, the identification of the requirements and specification of operational algorithms 
for BESSs can be utilised by integrators to achieve differentiating solutions to the control and 
management of these systems. 
For research and investigators, this research can represent a further step in the design of 
the present and future power systems that are capable of addressing climate challenges, 
further accommodating renewable sources based on the integration of new technologies such 
as battery systems. New approaches to the planning and operation of battery systems in 
distribution networks within different electric contexts are presented, providing an expansion 
of the understanding of their integration challenge. In addition, several potential developments 
are suggested as future research in order to leverage the basis provided by the developed 
methodologies.   
Society can also benefit from this research. The proposed methodologies promote the 
adequate and fair accommodation of renewable sources in distribution networks, which can 
ensure both in the short-term and in the long-term significant environmental improvements. 
Moreover, they support the utilisation of battery storage together with renewable sources to 
increase the local balancing of electric demand and generation, to offset the use of fossil fuels 
based thermal generators and to defer capacity upgrades in distribution networks, which could 
contribute to the reduction of electricity costs and improve the reliability of the electric grid. 
8.6. Thesis conclusion 
This thesis proposes a planning framework and operation tools for the optimal integration 
of battery energy storage systems in distribution networks of interconnected and islanded 
power systems. It presents the research, specification, development and validation of the 
proposed analysis approaches and optimisation methods, in order to address the specificities 
of different integration challenges and the perspectives of different stakeholders. Namely, the 
distribution system operator as well as renewable promoters and prosumers connected at the 
medium voltage distribution network. Results demonstrate the adequacy and value of the 
proposed methodology for the planning and the operation of battery storage in distribution 
networks. The work presented in this thesis can be utilised by different actors of the electric 
sector to grasp their understanding of the technical and economic impacts of integrating 
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battery systems considering their multifunctional potential, based on their most adequate 
operational strategy. Given the aforementioned conclusions, battery energy storage systems 
present themselves as valuable assets to provide power systems with higher flexibility, 
leveraging the integration of renewable sources and increasing the efficiency of the overall 
system. 
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APPENDIX I 
This appendix further describes the distribution network of the case study on 
multifunctional battery storage in distribution networks, presented in Chapter 5. 
 
Table I.1. Characteristics of the OLTC transformers at the primary substation  
Installed 
capacity 
(kVA) 
Tap 
changer 
Number of 
taps 
Tap steps 
(p.u.) 
Maximum 
voltage 
(p.u.) 
Minimum 
voltage 
(p.u.) 
Voltage 
reference 
(p.u.) 
10 000 Secondary 17 ±0.0125 1.10 0.90 1.05 
 
Table I.2. Characteristics of the feeders and the secondary substations of the distribution network 
Feeder 
Total 
extension 
(km) 
Secondary Substations 
Commercial/ Domestic Industrial 
Total 
number 
Total 
capacity 
(kVA) 
Number 
Installed 
(kVA) 
Number 
Installed 
capacity 
(kVA) 
Feeder 1 21.25 23 3 063 3 478 26 3 541 
Feeder 2 54.27 20 2 022 6 1 363 26 3 385 
Feeder 3 13.62 13 1 793 4 410 17 2 203 
Feeder 4 3.95 3 1 360 3 1 410 6 2 770 
Feeder 5 16.35 15 2 075 3 850 18 2 925 
Feeder 6 6.59 4 1 660 7 2 040 11 3 700 
Feeder 7 6.40 6 1 783 6 2 570 12 4 353 
Feeder 8 8.74 4 1 305 8 3 010 12 4 315 
Feeder 9 3.03 3 1 330 3 2 600 6 3 930 
Total 134.21 91 16 391 43 14 731 134 31 122 
 
Table I.3. Demand charges for the industrial prosumer related with active power and reactive energy 
costs 
Active power related costs Reactive energy costs 
Contracted Power 
(€/kW.month) 
Peak power costs 
(€/kW.month) 
Inductive reactive energy 
(€/kvarh) 
Capacitive reactive energy 
(€/kvarh) 
1.448 9.289 0.0234 0.0176 
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Table I.4. Demand charges for the industrial prosumer related with active energy costs 
Electric Season of Winter and Autumn 
[From the 1st of October to the 31st of March] 
Demand charge in Super 
Valley Load periods 
(€/kWh) 
Demand charge in 
Valley Load periods 
(€/kWh) 
Demand charge in 
Full Load periods 
(€/kWh) 
Demand charge in 
Peak Load periods 
(€/kWh) 
0.0586 0.0644 0.0969 0.1252 
Electric Season of Spring and Summer 
[From the 1st of April to the 30th of September] 
Demand charge in Super 
Valley Load periods 
(€/kWh) 
Demand charge in 
Valley Load periods 
(€/kWh) 
Demand charge in 
Full Load periods 
(€/kWh) 
Demand charge in 
Peak Load periods 
(€/kWh) 
0.0624 0.0669 0.0995 0.1286 
 
Table I.4. Demand charges periods for the industrial prosumer related with active energy costs 
Electric Season of Winter and Autumn Electric Season of Spring and Summer 
Weekdays Weekdays 
Peak Load Periods 17:00/22:00 h Peak Load Periods 14:00/17:00 h 
Full Load Periods 00:00/00:30 h Full Load Periods 00:00/00:30 h 
07:30/17:00 h 07:30/14:00 h 
22:00/24:00 h 17:00/24:00 h 
Valley Load Periods 00:30/02:00 h Valley Load Periods 00:30/02:00 h 
06:00/07:30 h 06:00/07:30 h 
Supper Valley Periods 02:00:06:00 h Supper Valley Periods 02:00:06:00 h 
Saturdays Saturdays 
Full Load Periods 10:30/12:30 h Full Load Periods 10:00/12:30 h 
17:30/22:30 h 19:30/23:00 h 
Valley Load Periods 00:00/03:00 h Valley Load Periods 00:00/03:30 h 
07:00/10:30 h 07:30/10:00 h 
12:30/17:30 h 13:30/19:30 h 
22:30/24:00 h 23:00/24:00 h 
Supper Valley Periods 03:00/07:00 h 03:30/07:30 h 
Sundays Sundays 
Valley Load Periods 00:00/04:00 h Valley Load Periods 00:00/04:00 h 
08:00/24:00 h 08:00/24:00 h 
Supper Valley Periods 04:00/08:00 h Supper Valley Periods 04:00/08:00 h 
 
